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A.10 Similar to

Introduction

With the growing world population, our reliance on non-renewable energy sources increases. The consequences of growing dependence on non-renewable energies are resulting in excessive greenhouse gas (GHG) emissions [START_REF] Fischer | Environmental Biology, chapter 11[END_REF] leading to global warming and would eventually be resulting in climate change. To curb the GHG emission, we have to rely more on renewable sources of energy such as wind, solar, water for power generation.

Among renewable sources of energy, the importance of which is generally understood, solar energy singles out as being universally available. Among the ways to grasp this energy for practical use, photovoltaics (PV) stands out as the most widely used renewable energy source. Photovoltaics involves the photovoltaic effect, which is the generation of voltage and current in a semiconducting material exposed to sunlight. The effect has been known since 1839, being discovered by Edmond Becquerel.

The first solar cell consisting of a layer of selenium, which dated back to 1884, achieved the efficiency of about 1% [START_REF] Guarnieri | More light on information [historical[END_REF]. The quest for a more efficient conversion of solar energy into electricity by affordable means brings new materials and device designs into the game.

In order to be considered as promising for practical applications in photovoltaics, the material must first of all be a semiconductor with a suitable bandgap (near the optimum of 1.4 eV) for the absorption of a maximum number of photons from the radiation of the sun [START_REF] Zekry | Solar cells and arrays: Principles, analysis and design[END_REF], high absorption coefficient to have the optimum thickness of the material (200 and 500µm) [START_REF] Mayerhöfer | Beer's law derived from electromagnetic theory[END_REF], the high collection efficiency of the photo-generated electron-hole pairs which requires a high lifetime of the mobile carriers in the material [START_REF] Dittrich | Diffusion length of photo-generated charge carriers in layers and powders of CH 3 NH 3 PbI 3 perovskite[END_REF], high mobility of the charge carrier to reduce the Ohmic losses [START_REF] Ebenhoch | Charge carrier mobility of the organic photovoltaic materials PTB7 and PC 71 BM and its influence on device performance[END_REF].

A typical PV process includes the following steps: when the sunlight falls on the material, electron-hole pairs are generated, which are further separated by a potential xiv xv profile that is created in the cell by doping. Following the electric field which establishes across the p-n junction, the electrons move towards the n-doped end and the holes towards the p-doped end. In order to maximise the area of the junction in which the adsorption of a photon may happen, the junction is typically fabricated in the form of two superposed layers. The outcome of the effect is either the tension induced between layers or, should they be connected into a circuit, the photocurrent that flows.

From the commercial point of view, the material should fulfil such conditions as low cost, high efficiency and high durability (resistance to the outer atmosphere). The efficiency of a PV cell is given as the amount of electrical power coming out of the cell as compared to the energy from the sunlight shining on it. The average efficiency for commercialisation of solar panels is around 15-20% [NRE]. All three factors (cost, efficiency and durability) have to be fulfilled at the same time to bring the solar cell into commercial use.

Figure 1, issued and periodically updated by the National Renewable Energy Laboratory (NREL), shows the progress in the efficiency of different families of materials on a time scale. These materials are semiconductors; their properties can be altered, according to specific needs, e.g. by chemical doping.

For a long time, in the twentieth century, the most promising class among the materials for PV was represented by inorganic crystalline semiconductors, such as silicon or gallium arsenide. However, a problem with these materials is that their use for PV demands the crystal structure to be almost perfect, that generally comes at a high cost. Several efforts have been made to optimise polycrystalline semiconductor materials such as cadmium telluride (CdTe), copper indium gallium selenide (CIGS) which can be deposited on the substrate to form a thin film large area devices. In the late 1970s and early 1980s, apart from silicon technology, thin-film technology also started to gain popularity.

From the Figure 1, one can notice that in the early 2000s, various types of organic cells started showing promising results. Further on, in the early 2010s, "perovskites" came into the picture. Organic halide perovskites from the perovskite family emerge as promising materials for PV applications. Some of their optoelectronic properties are specified below: • optimum band-gap of around 1.7 eV [Tanaka et al., 2003].

• good sunlight absorption (from 300-850 nm) [START_REF] Du | Light-trapping in perovskite solar cells[END_REF].

• appropriate carrier transport properties due to shallow level defects [START_REF] Du | Efficient carrier transport in halide perovskites: theoretical perspectives[END_REF].

• defect tolerance [START_REF] Brandt | Identifying defect-tolerant semiconductors with high minority-carrier lifetimes: beyond hybrid lead halide perovskites[END_REF].

• long carrier lifetime (up to 100nm optical absorption depth) [Stranks et al., 2013].

From the commercial perspective, these organic/inorganic halide perovskites can be manufactured at low cost via solution-based methods with simple processing, not demanding any expensive types of equipment and can be easily up-scaled for commercialisation. It is peculiar that, as can be seen in Figure 1, the efficiency of organic halide perovskites were around 2.5% in 2009 [START_REF] Kojima | Organometal halide perovskites as visible-light sensitizers for photovoltaic cells[END_REF] and by 2020, it rose to 25.2%. Also, they are seen as a promising candidate for tandem (details of tandem solar cells can be found in [START_REF] Corkish | Solar cells[END_REF]) applications. In recent years, monolithic perovskite/silicon tandem solar cells have reached a certified efficiency of 29.1% [START_REF] Liu | Recent progress in developing monolithic perovskite/si tandem solar cells[END_REF]. This tremendous increase in efficiency seemed encouraging and promising for further research.

xvii Despite the great advantages of perovskites, they have a major drawback: their insufficient long-term stability. When exposed to light illumination [START_REF] Li | Light-induced degradation of CH 3 NH 3 PbI 3 hybrid perovskite thin film[END_REF],

air [START_REF] Leijtens | Towards enabling stable lead halide perovskite solar cells; interplay between structural, environmental, and thermal stability[END_REF], moisture [Yang et al., 2015a], perovskite solar cells considerably degrade in their power conversion efficiency. This stability issue is the major roadblock in commercialising perovskite solar cells. In attempts to better understand the issue of degradation, a number of experimental [START_REF] Han | Degradation observations of encapsulated planar CH 3 N H 3 P bI 3 perovskite solar cells at high temperatures and humidity[END_REF][START_REF] Christians | Transformation of the excited state and photovoltaic efficiency of CH 3 NH 3 PbI 3 perovskite upon controlled exposure to humidified air[END_REF] and theoretical works has been done [START_REF] Jong | Influence of water intercalation and hydration on chemical decomposition and ion transport in methylammonium lead halide perovskites[END_REF][START_REF] Juarez-Perez | Thermal degradation of CH 3 NH 3 PbI+3 perovskite into NH 3 and CH 3 I gases observed by coupled thermogravimetry-mass spectrometry analysis[END_REF][START_REF] Li | Compositional effect on water adsorption on metal halide perovskites[END_REF][START_REF] Li | First-principles study on the oxygen-lightinduced iodide vacancy formation in FASnI 3 perovskite[END_REF]]. Yet, inorganic halide perovskite (CsPbX 3 , X=I, Br, Cl), the emerging materials for PV applications, lack systematic theoretical research in understanding the degradation of their properties under anticipated practical conditions of use. Theoretical simulations of the effect of water and air on the degradation of PV properties of CsPbX 3 type perovskites have very few studies till date [START_REF] Li | Compositional effect on water adsorption on metal halide perovskites[END_REF].

In the case of organic halide perovskite, widely popular methylammonium lead halide (MAPI), the effect of water and air on the bulk has been studied by Caddeo et al.

[2017] and [START_REF] Leguy | The dynamics of methylammonium ions in hybrid organic-inorganic perovskite solar cells[END_REF]. These organic halide perovskites lack the theoretical studies of surfaces and the effects of air and water on their surfaces.

In this work, the studies of surface properties of organic and inorganic halide perovskites are carried out with the help of theoretical simulations are done within the framework of the DFT (Density functional theory).

The manuscript is organised as follows. After the brief outline of perovskites,

Chapter 1 focuses on their structure and their stability issues. Chapter 2 introduces various theoretical approaches and approximations used in this work. In Chapter 3, the bulk properties and surface properties highlight the issues of phase transitions. The general conclusion summarises the work.

Chapter 1

Organic/Inorganic halide perovskites

for photovoltaic applications

Halide perovskite-type materials have the generic formula ABX 3 , where X stands for halogen anion such as Cl -, Br -, I -. Moreover, (A, B) cations would satisfy the valence matching the anions. For halide perovskites, A can be a monovalent organic ammonium (MA) or formamidinium (FA) cation such as MA + = CH 3 NH 3 + , FA + = CH(NH 2 ) 2 + or it can be inorganic metal cation such as Cs + , Rb + . The average ionic radius of A cation must be around 1.65 to 2.50 Å [START_REF] Akhtar | Chapter 2 -organometal lead halide perovskite[END_REF]. B atom is a divalent metal cation such as Pb 2+ , Sn 2+ . B ion is octahedrally coordinated by X anions forming the basic PbX 6 octahedral perovskite units. The organic/inorganic cation (A) lies within the centre of the cage made of joined BX 6 units. The organic cation is free to rotate within the cage depending on the temperature [START_REF] Carignano | A close examination of the structure and dynamics of HC(NH 2 ) 2 PbI 3 by MD simulations and group theory[END_REF].

A prototype perovskite-type structure belongs to a cubic space group P m 3m. However, it often undergoes distortions from cubic into lower-symmetry phases. To understand when the perovskite will be in cubic-/tetragonal-/orthorhombic-/hexagonalphase, the notion of Goldschmidt tolerance factor (t) might be useful [START_REF] Goldschmidt | Die Gesetze der Krystallochemie[END_REF]. The latter is expressed as:

t = (r A + r X ) √ 2(r B + r X ) (1.1)
where r A , r B and r X are the radii of atoms A, B and X respectively. At t = 1, the sizes of ions are perfectly matched to be assembled into the ideal cubic structure. The tolerance factor hints for which one of the two competing instabilities, B off-center displacement or BX 6 coupled octahedra tilting, will eventually take over. When t > 1 then B-off center displacement is more probable. For the halide perovskite, the tolerance factor ranges from 0.7 to 0.9 [START_REF] Goldschmidt | Die Gesetze der Krystallochemie[END_REF] this implies that an antiferrodistortive-type instability, namely a tilting of octahedra, will be more probable, with a tendency to go into the orthorhombic structure.

In Figure 1.1, a fragment of the APbI 3 perovskite structure is shown around the A cation, which is Cs (a), MA (b) and FA (c), with its nearest (I) and next-nearest (Pb) neighbours.

As already mentioned above, the perovskites are notorious for phase transitions.

Types of such transitions which usually come into discussion are displacive or orderdisorder. The displacive type of phase transition, common in halide perovskites, can be described as simultaneous (symmetry-lowering) displacement of atoms in the unit cell, which typically reveals the eigenvector of a particular soft mode of vibration. The identification of such soft modes, corresponding to particular phonons at the centre of the Brillouin zone (Γ; q=0) or other value of the wave vector q, helps to anticipate or predict such phase transitions in a calculation. Such analysis of soft modes for halide perovskites is discussed in Chapter 3. The different phases and phase transition temperatures for halide perovskite focused in this work are discussed below:

• For CsPbI 3 , the sequence of crystallographic phases starts from the high temperature cubic phase (P m 3m, stable above 533 K) → the orthorhombic (P nma) → the disordered orthorhombic (Amm2) ones [START_REF] Eperon | Inorganic caesium lead iodide perovskite solar cells[END_REF]Stoumpos et al., 2013a] as the temperature decreases. The resulting transformation is shown in Figure 1.2 from a → c. For CsPbCl 3 and CsPbBr 3 , the sequence starts also from the high-temperature cubic perovskite structure (P m 3m, stable above 320 K and 403 K, for X = Cl and Br respectively) → the tetragonal (P 4/mbm) → the orthorhombic (P nma) ones [Stoumpos et al., 2013b] as the temperature decreases.

• Similarly, MAPI exists in cubic phase (P m 3m) at high temperatures (> 327.4 K), whereas on lowering the temperature to 160 -330 K, it transforms into body centered tetragonal phase (I4/mcm) and upon further cooling (< 160 K), into orthorhombic phase (P 4/mbm) [START_REF] Whitfield | Structures, phase transitions and tricritical behavior of the hybrid perovskite methyl ammonium lead iodide[END_REF].

• FAPI exists at high temperatures (above 440 K) in cubic phase (P m 3m) and, on going down to the room temperature, transforms into hexagonal phase (P 6 3 mc) below 438 K [START_REF] Ma | Stable alpha/delta phase junction of formamidinium lead iodide perovskites for enhanced near-infrared emission[END_REF]. The corresponding transformation is shown in Like other materials, organic/inorganic perovskites corrode upon exposure to atmosphere. One of the major concerns limiting the use of perovskites for PV applications is their insufficient long-term stability see -e.g., [START_REF] Han | Degradation observations of encapsulated planar CH 3 N H 3 P bI 3 perovskite solar cells at high temperatures and humidity[END_REF]; Christians et al. [2015]; [START_REF] Leijtens | Overcoming ultraviolet light instability of sensitized TiO 2 with meso-superstructured organometal tri-halide perovskite solar cells[END_REF]. Perovskites tend to degrade in their performance when exposed to air and moisture. Not only perovskites as such but also the solar cell devices on their base give rise to problems concerning stability. Various HTL or ETL used can sometimes deteriorate the performance of the perovskite solar cells.

Stability of perovskite solar cells

Some of the issues related to structure stability, thermal stability, stability in the presence of light, air and moisture within perovskite material and the device are discussed below.

Structural stability

As was discussed before, perovskites exhibit different crystalline phases, out of which the cubic one is that the best suited for PV applications. However, this phase is not stable at all the operating temperatures and ambient conditions. It can quickly transform into tetragonal/orthorhombic/hexagonal, depending on the type of perovskite, when exposed to ambient conditions or low temperature. It is a challenging task to maintain the cubic phase at different operating temperatures and ambient conditions. Various techniques are discussed in the coming paragraphs dealing with methods to maintain structural stability.

Different processing techniques are adopted to crystallise MAPI in the cubic phase, such as the vacuum deposition technique [Palazon et al.]. As discussed before, the size of the cation can influence the phase stability; the MA ion in MAPI is not of an ideal size to fit into the cubic structure; as a result, the latter tends to transform into lower-symmetry phases. Yang et al. [2015c] mixed MA and FA cations and, moreover, iodine with bromine ions to bring the average tolerance factor close to 1. This mixture allows an easy formation of black cubic phase at low temperature (less than 315 • C) [START_REF] Sutton | Bandgap-tunable cesium lead halide perovskites with high thermal stability for efficient solar cells[END_REF].

In attempts to bring about a more stable perovskite solar cell, inorganic halide perovskite was tested against structural stability. These inorganic perovskites (CsPbX 3 ) also transform to low-symmetry phases at different ranges of operating temperatures.

Several works done in the last years bring the prospects of stabilising the cubic phase at room temperature within grasp. [START_REF] Protesescu | Nanocrystals of cesium lead halide perovskites (CsPbX 3 , X = Cl, Br, and I): Novel optoelectronic materials showing bright emission with wide color gamut[END_REF] obtained monodisperse colloidal nanocubes (with edges 4-15 nm) of CsPbX 3 (X=Cl, Br, I), of which only CsPbI 3 transformed to the low-temperature yellow phase after long storage (months), whereas the two others stayed cubic. [START_REF] Swarnkar | Quantum dot-induced phase stabilization of α-CsPbI 3 perovskite for high-efficiency photovoltaics[END_REF] fabricated films of cubicstructure quantum dots of CsPbI 3 (with edges ∼10 nm), stable during months in contact with air. [START_REF] Lai | Structural, optical, and electrical properties of phase-controlled cesium lead iodide nanowires[END_REF] induced a transformation from the yellow phase (orthorhombic phase) to the black cubic phase, following a rapid thermal quenching in CsPbI 3 nanowires of ∼10 2 nm thickness. These results seem promising, yet further work needs to be done to improve the efficiency and device stability. The larger FA ion was mixed with the smaller Cs ion to tune the tolerance factor close to 1. Moreover, to obtain structures with better stability and efficiency [START_REF] Anaraki | Highly efficient and stable planar perovskite solar cells by solution-processed tin oxide[END_REF] have made various compounds with success by substituting A site cation with MA, FA, Cs, Rb and by mixing halides (I/Br).

Mixed cations and mixed halide ion approaches seem promising in improving the structure stability. However, this remains beyond the scope of the present work.

Stability in the presence of oxygen

Effect of oxygen on halide perovskite

The major problem the solar cells face is the oxidation of functional components in the presence of air. Despite proper packaging, oxygen can penetrate the solar cell, hence intrinsic stability to oxygen is important. In the presence of light, the degradation of perovskite by oxygen is accelerated (see Figure 1.5) as compared to the inert (nitrogen) atmosphere. It was reported earlier that in the presence of light and oxygen, the devices made based on MAPbI 3 degrade by 20% in a few hours [START_REF] Pearson | Oxygen degradation in mesoporous Al 2 O 3 /CH 3 NH 3 PbI 3-x Cl x perovskite solar cells: Kinetics and mechanisms[END_REF]. [START_REF] Aristidou | Fast oxygen diffusion and iodide defects mediate oxygen-induced degradation of perovskite solar cells[END_REF] showed that reaction of oxygen with MAPbI 3 in the dark is not so pronounced and goes via superoxide pathway. O - 2 reacts with photo oxidised MAPbI 3 as illustrated in the reaction below:

4 CH 3 NH 3 PbI 3 * + O 2 ---→ 4 PbI 2 + 2 I 2 + 2 H 2 O + 4 CH 3 NH 2 .
(1.2) The critical step in the above reaction is the formation of O - 2 . Aristidou et al. suggested that the superoxide generation is linked with degradation and is often facilitated in the presence of iodide vacancies. The oxygen is first adsorbed at the vacancy sites; further on this molecular oxygen traps electrons from the conduction band of the perovskite and forms reactive superoxide. This superoxide starts an acid-base reaction, with A cation acting as an acidic entity, which results in the formation of water and lead iodide, as shown in the chemical equation (1.2). [START_REF] Bryant | Light and oxygen induced degradation limits the operational stability of methylammonium lead triiodide perovskite solar cells[END_REF] suggested the use of interlayers to extract electrons from the perovskite layer to minimise the reaction of oxygen with the electrons and thus reducing the formation of superoxide species. [START_REF] Meggiolaro | Mechanism of reversible trap passivation by molecular oxygen in lead-halide perovskites[END_REF] reported the passivation of the perovskite layer in the presence of oxygen. Oxygen goes into the deep traps resulting from iodide interstitials and forms partially stable oxides, such as hypoiodite, iodite and iodate.

I -+ 1 2 O 2 -→ IO - (hypoiodite);
(1.3)

I -+ O 2 -→ IO - 2 (iodite);
(1.4)

I -+ 3 2 O 2 -→ IO - 3 (iodate). (1.5)
The interstitial iodine is an easier target for oxidation than the iodine in the lattice, the latter effectively inactivates the deep traps present in the bandgap of MAPbI 3 , thus providing some stability to the perovskite. However, the long-term exposure to oxygen may result in oxidative damage which starts at the surface and eventually undermines the stability.

Effect of oxygen on device as a whole

The efficiency of the cell depends on the stability of all the materials in the cell. In the presence of air, there is a possibility of oxidation of charge transport layers, the ETLs and HTLs discussed earlier in this chapter. These charge transport layers can consist of a polymer, organic molecules, or inorganic materials, such as oxides. Organic molecules and polymers may be vulnerable to oxidation. The defects arising from the oxidation result in a decrease in the quantum efficiency of the cell [START_REF] Abate | Lithium salts as redox active p-type dopants for organic semiconductors and their impact in solid-state dye-sensitized solar cells[END_REF]. Typically, degradation of these organic charge transport layers does not affect the recombination and generation of carriers but affects their mobility.

Sometimes the oxidation of materials for the charge transport layer, such as PTAA, alias poly(triarylamine), or Spiro-OMeTAD can be used to generate free holes in the HOMO (highest occupied molecular orbital) for reducing the series resistance by increasing the p-type conductivity [START_REF] Cappel | Oxygen-induced doping of spiro-meotad in solid-state dye-sensitized solar cells and its impact on device performance[END_REF][START_REF] Heo | Efficient inorganicorganic hybrid heterojunction solar cells containing perovskite compound and polymeric hole conductors[END_REF].

The most commonly used oxide transport layers such as SnO 2 or TiO 2 are known to have drawbacks of reacting with atmospheric oxygen in the presence of UV light.

TiO 2 is well known to be used as a catalyst in the splitting of water and as a photocatalyst for decomposition of other organic materials [START_REF] Ni | A review and recent developments in photocatalytic water-splitting using TiO 2 for hydrogen production[END_REF][START_REF] Matthews | Photo-oxidation of organic material in aqueous suspensions of titanium dioxide[END_REF].

Oxygen can get into the vacancies of TiO 2 , forming superoxide, which can then readily react with the perovskite. The issue of superoxide is discussed in the previous section.

To improve the stability of TiO 2 (ETL layer), CsBr is used to modify the layers of TiO 2 , and this overall improves the stability of the perovskite cell [Li et al., 2016a]. The use of UV filters or thin layers of fullerenes over TiO 2 led to an improvement of the stability of TiO 2 [START_REF] Bush | 6%efficient monolithic perovskite/silicon tandem solar cells with improved stability[END_REF].

Stability under moisture

Effect of moisture on halide perovskite

Humidity and the effect of oxygen are the most extensive environmental factors which affect the stability of the solar cells. Perovskites get corroded and oxidised in the presence of moisture and air, even if they are well encapsulated [START_REF] Uddin | Encapsulation of organic and perovskite solar cells: A review[END_REF][START_REF] Kim | Enhanced stability of M AP bI 3 perovskite solar cells using poly(pchloro-xylylene) encapsulation[END_REF]. In another work, the non-encapsulated cells were exposed to air and moisture for a few hundred hours with a relative humidity of more than 50% [Yang et al., 2015a]. In MAPI, the water penetrates the lattice. The nature of MA is acidic; it reacts with water by giving away a proton after that CH 3 NH 2 is evolved and leaves behind the lead halide octahedra, thus degrading the perovskite structure. The crystal structure of the hydrated phase shows some hydrogen bonding with lead halide octahedra and the formation of cation-water-cation chains demonstrating solid interactions between water and the cation [START_REF] Vincent | Alkylammonium lead halides. Part 1. isolated PbI 4-6 -ions in (CH 3 NH) 4 PbI 6 •2H 2 O[END_REF]. Recently two mechanisms were proposed for the degradation of MAPI: one suggested the formation of transient PbI x - 2+x [START_REF] Huang | Evolution of chemical composition, morphology, and photovoltaic efficiency of CH 3 N H 3 P bI 3 perovskite under ambient conditions[END_REF]:

4 CH 3 NH 3 PbI 3 (s) + 8H 2 O --→ (CH 3 NH 3 ) 4 PbI 6 • 2 H 2 O --→ PbI 2 + complexes , (1.6)
whereas the other mechanism involved the decomposition of the MA molecule in presence of water [START_REF] Huang | Evolution of chemical composition, morphology, and photovoltaic efficiency of CH 3 N H 3 P bI 3 perovskite under ambient conditions[END_REF]:

CH 3 NH 3 PbI 3 (s) H2O --→ CH 3 NH 3 I (aq) + PbI 2 (s) . (1.7)
In MAPbI 3 , this process occurs under moisture and temperature (80 et al. [2015] substituted some part of I with thiocyanate ion. The optoelectronic properties remain the same as for MAPI but with improved stability against moisture.

The compositional tuning for the cation also influenced the moisture resistance.

FAPbI 3 also does not show better stability in the presence of moisture. The black cubic phase is accelerated to transform to the yellow hexagonal phase. A similar phase stability issue is important for CsPbI 3 , where the black cubic phase is transformed to yellow orthorhombic phase in the presence of moisture. FAPbI 3 and CsPbI 3 show better thermal resistance but poor structure stability in the presence of moisture. So to improve the structure stability [Li et al., 2016b] mixed FA and Cs on the A site such that FA was 85% and Cs was 15% and it was observed that in 15% relative humidity, the performance was improved by 20% as compared to FAPbI 3 . It was shown by the Snaith's group that FA 0.83 Cs 0.17 Pb(I 0.6 Br 0.4 ) 3 is stable for 650 h under ambient conditions and solar illumination, whereas MAPbI 3 -based solar cells downgraded already before 100 h [START_REF] Wang | Efficient and air-stable mixed-cation lead mixedhalide perovskite solar cells with n-doped organic electron extraction layers[END_REF]. This can be understood in the following way. For the water to intercalate and form a hydrated phase, strong hydrogen bonding should occur between the water molecule and the organic cation. So, the positive charge on the organic cation has to become more delocalised, making the cation less acidic. Moreover, adding smaller-size Cs also reduces the reactivity of the overall A cation, thereby enhancing the stability against moisture.

In order to protect the perovskite surface from moisture, various passivation layers, e.g., of Al 2 O 3 [START_REF] Koushik | High-efficiency humidity-stable planar perovskite solar cells based on atomic layer architecture[END_REF], oleic acid [START_REF] Abdelmageed | Improved stability of organometal halide perovskite films and solar cells toward humidity via surface passivation with oleic acid[END_REF], or alkylalkoxylilane can be deposited on top of the perovskite surface, as suggested by [START_REF] Zhang | Bifunctional alkyl chain barriers for efficient perovskite solar cells[END_REF]. 2D perovskites [START_REF] Lan | Two-dimensional perovskite materials: From synthesis to energy-related applications[END_REF] were also used to passivate and encapsulate 3D perovskites for better results [START_REF] Grancini | One-year stable perovskite solar cells by 2d/3d interface engineering[END_REF].

Effect of moisture on the device as a whole

The contact layers such as Spiro-OMeTAD, PTAA are hygroscopic and can initiate the degradation because of moisture and presence of heat [START_REF] Habisreutinger | Carbon nanotube/polymer composites as a highly stable hole collection layer in perovskite solar cells[END_REF].

The use of a transport layer such as random copolymer (RCP), which is hydrophobic in nature, can delay the degradation caused by moisture [START_REF] Kim | Dopant-free polymeric hole transport materials for highly efficient and stable perovskite solar cells[END_REF]. Also, one method is the use of graded layers of spiro-OMeTAD with P3HT layer [START_REF] Kim | Gradated mixed hole transport layer in a perovskite solar cell: Improving moisture stability and efficiency[END_REF].

The PV modules may have glass-glass packaging, preventing moisture from entering the cell. Various new technologies are evolved for flexible packaging with better resistance and low-cost [START_REF] Yu | Recent progress on thin-film encapsulation technologies for organic electronic devices[END_REF].

Defects within halide perovskite solar cell

The defects, unavoidable at the manufacturing stage, can hinder the cell's performance. Some of these defects are particularly prone to form in particular materials.

These can be intrinsic (defects due to atoms within the host material) or extrinsic (defects due to atoms outside the host material) in nature. In the following, we briefly discuss how the point defects may contribute to the degradation of solar cells. Among the halide perovskites, MAPI is known to be rich in point defects. Typical ones are the vacancy of MA ion, lead ion or the iodine ion; moreover these ions can be at the interstitial sites [START_REF] Kim | The role of intrinsic defects in methylammonium lead iodide perovskite[END_REF][START_REF] Yin | Unusual defect physics in CH 3 NH 3 PbI 3 perovskite solar cell absorber[END_REF]. The interstitial defects with high formation energy usually contribute to deep levels, and those with lower formation energy contribute to shallow levels. The point defects with low formation energy should not contribute to high densities of non-radiative recombination centres which lie deep within the bandgap. Defects at shallow levels can result in unintentional doping at room temperature. This intrinsic doping can change the perovskite from p-type to n-type. The formation of Schottky defects, that is, vacancies, may occur in comparable concentrations on both cation and anion sublattices, which means that the defects may well be present even in samples obtained under stoichiometric growth conditions [START_REF] Walsh | Self-regulation mechanism for charged point defects in hybrid halide perovskites[END_REF]. Schottky defects can restrict the unintentional doping, as each vacancy type contributes to an opposite charge carrier which can compensate one another naturally.

The widely researched topic in the halide perovskites solar cells is the currentvoltage hysteresis which could be observed while characterising the devices [START_REF] Snaith | Anomalous hysteresis in perovskite solar cells[END_REF]. This hysteresis, i.e., the difference in the forward and reverse current curves measured while scanning the voltage, poses a specific challenge in accurately estimating the power efficiency of solar cells.

Beyond ferroelectricity, which is a "usual suspect" for this kind of behaviour in perovskites but stays mainly beyond the scope of the present work, the defects mobility seems to be the second possible major reason for the current -voltage hysteresis [START_REF] Ball | Defects in perovskite-halides and their effects in solar cells[END_REF]. The halide ions are mobile, generating the potential gradient within the device. Yang et al. [2015b] reported that the most mobile species were the point defects, mainly halide ions hopping over interstitial positions. Further, using a theoretical approach, it was suggested that the activation energy (for transport)

of iodine interstitial and a vacancy are similar and lower than that of the other point defects [START_REF] Azpiroz | Defect migration in methylammonium lead iodide and its role in perovskite solar cell operation[END_REF].

We mentioned only briefly and only few of the challenges arising in attempts to make perovskite materials practically usable in photovoltaics. Some obstacles are purely technical, with good prospects of being eventually overcome, whereas others demand certain ingenuity. Still, the perspectives of practical use, because of efficiency and low cost, make the ongoing research look rewarding.

To study the effect of water, a single water molecule will be adsorbed on the surfaces of perovskites. To study the effect of atmospheric gases, the molecules most commonly present in the air, such as CO, CO 2 , O 2 , will be tentatively adsorbed on the surfaces of inorganic halide perovskite. For organic halide perovskites, only the interaction with the oxygen molecule will be studied. The role of temperature and light will remain beyond the scope of our work.

Since perovskites are prone to develop defects, the role of vacancies in the abovementioned processes of adsorption of gas molecules will be specifically studied. Other defects, such as grain boundaries or impurities, will not be addressed in this work.

Chapter 2

Theory foundations of the present work

Introduction

In this chapter, theory concepts (from the Born-Oppenheimer approximation through the hybrid functionals within the DFT) and calculation methods (notably the CRYS-TAL17 code) applied in the present work are briefly discussed.

The theory plays a remarkable role in the study of materials since this branch of science exists. The theory allows to organise the knowledge and to make predictions based on the previous knowledge. The aspects related to elastic properties, heat transfer, interaction with light have long been -and still are -treated within empirical schemes; however, they are profoundly driven by processes played at the microscopic level -interactions between atoms, or excitations within (interacting) atoms. These processes fall into the range of applicability of quantum mechanics. The recognition of the fact that the interactions in question are of quite general character -basically they come down to electrostatic Coulomb interaction between charged particles (electrons and nuclei), taking also into account the Pauli exclusion principle -feeds an ambition that the understanding of various properties of different materials can be achieved from first principles, i.e., on the basis of universal quantum-mechanical laws, selecting just the chemical species of atoms which enter into interaction. However, the attempts of practical solution along the quantum mechanical path, operating in terms of Hamiltonians and wave functions, comes to its limits already at very compact systems. In fact, exact analytical quantum-mechanical solution was only found, to my knowledge, for two-particle systems, and numerical solutions, in many cases very accurate and promising, rely on approximations or model assumptions.

Grasping the behaviour of many-electron systems within quantum mechanics had a glorious history throughout the XX century. The schemes underlying an importance of many-electron wave function were interpenetrating the approaches coming from statistical side, aimed at description of ensembles of identical particles. A broad landscape and a certain hierarchy of practical schemes and approaches has been established (and still is under permanent development), aimed at different properties of systems of different sizes at different levels of accuracy. The part of this landscape which is "home" for the problematics and results of the present work is identified as the density functional theory (DFT). The "niche" of the DFT is treatment of systems (isolated molecules and/or periodic pieces of condensed matter) consisting of many

(not just few but, say, ∼ 10 2 -10 3 ) atoms, at the level of accuracy (in relation to, say, energy) which is referred to as chemical accuracy. The latter means that reliable results are expected for, say, chemical reactions or structural phase transitions. In the rest of this chapter, the ideas and some practical aspects of the DFT will be outlined, in the utterly compact form, giving some references to extensive bibliography existing, from the very general foundations up to the technical details of performing practical calculations.

Born-Oppenheimer approximation and movement of nuclei

As a first step before entering the DFT as such, one can mention the Born-Oppenheimer (BO) approximation which justifies the separation of movements of electrons and nuclei [START_REF] Born | Zur Quantentheorie der Molekeln[END_REF]. A priori, within the scope of quantum mechanics, all these particles are "actors" entering the definition of their common wave function. The BO approximation, arguing that the difference in masses between electrons and protons is important, justifies the separation of the common wave function into nuclei-only and electrons-only parts. In practical sense, this means that "from the point of view of electrons", the nuclei are too slow, and their effect can be taken into account adiabatically. In fact, this permits to solve just the problem of (interacting) electrons in the fixed Coulomb field of nuclei. In the subsequent sections, this electric field due to nuclei will often be included as the imposed external field, V ion (the latter may, in principle, also incorporate the additionally imposed macroscopic electric field, e.g., in a polar material). As concerns the other part of the separation, "from the point of view of nuclei", the electrons are so fast that tracing the interaction with every single one among them makes no sense; they affect the nuclei rather by their averaged Coulomb field due to the charge distribution within the electron cloud. In practical sense (even if this is not essential in the BO approximation), this allows to abandon the quantum-mechanical description of nuclei and consider them as classical charged particles subject to electric fields (due to themselves and to the electron distribution). For a given spatial placement of nuclei, once the quantum-mechanical problem is solved for the electron system, the electric fields and hence forces acting on every nucleus can be calculated. The nuclei can then be shifted along these forces, arranging themselves in a modified spatial distribution. Such process can be repeated in consecutive alternating electronic (quantum-mechanical) and nuclear (classical) steps.

Depending on how the whole algorithm is arranged, it can either aim at minimising the total energy (then we'll speak of structure relaxation), or, provided the nuclei have some initial resource of kinetic energy, let the process go on "forever", staging in this way an ab initio molceular dynamics simulation, the essential result of it is not the ultimate "frozen" solution, but the "history" and "trajectories" of the molecular dynamics run.

It is important to emphasize that the BO approximation is not universally valid, because in many situations, in particular those involving the movement of light atoms, the quantum nature of the movement of nuclei and their interaction with electrons is essential for the problems under study and cannot be simply discarded. Examples are not only light molecules and, e.g., photochemical processes in them [START_REF] Capitani | Non-Born-Oppenheimer density functional theory of molecular systems[END_REF], but, for instance, "heavy" solids in which the energy profiles corresponding to some particular lattice distortions are particularly flat, and the classical description of corresponding effective "oscillators" becomes unsatisfactory [START_REF] Bussmann-Holder | Stabilization of ferroelectricity in quantum paraelectrics by isotopic substitution[END_REF]. In the scope of the present work, such situations do not come about, so that the BO approximation is valid and used throughout.

Frozen Phonons

Since the movement of ions will not be much discussed in the following sections related mostly to the solution of the electron problem, here can be an appropriate place to explain how the lattice vibrations are, in the simplest way, accounted for in ab initio calculations. Since the movement of nuclei is treated classically, and for every given spatial configuration of the nuclei the forces acting on them can be calculated, this permits to evaluate the classical force constants, which are by definition the derivatives of forces (acting on a given atom) in terms of displacements (of a given atom, in a given sense). Depending on the realisation in a calculation code, such derivatives may be available either directly (analytically, within the code), or calculated numerically by finite displacement technique. Either way, the matrix of force constants (numbered by atoms and Cartesian directions) can be accumulated and then diagonalized, yielding phonon frequencies and eigenvectors. Here, we skip the details of such scheme, namely, the construction of phonons corresponding to different values of the wavevector, the issues of convergence in the course of Fourier transformations, etc., and just outline the idea. The main role of phonons in the calculations described in the present work will be to identify the unstable modes (i.e. those for which the calculated frequency squared is negative) as guidelines for symmetry lowering and structure phase transitions.

Electronic part; precursors of DFT

A vast literature exists which offers quite accessible reviews of the history and the basics of DFT, ranging from [START_REF] Kohn | Nobel lecture: Electronic structure of matter-wave functions and density functionals[END_REF] to [START_REF] Becke | Perspective: Fifty years of density-functional theory in chemical physics[END_REF], [START_REF] Jones | Density functional theory: Its origins, rise to prominence, and future[END_REF] and Janesko [2021]. As important precursors, one traditionally identifies the Hartree-Fock (HF) theory which evolved along the line of specifying the "optimal" many-electron wave function [START_REF] Hartree | The wave mechanics of an atom with a non-coulomb central field. part i. theory and methods[END_REF][START_REF] Fock | Näherungsmethode zur Lösung des quantenmechanischen Mehrkörperproblems[END_REF] and the Thomas-Fermi (TF) [START_REF] Thomas | The calculation of atomic fields[END_REF][START_REF] Fermi | Un metodo statistico per la determinazione di alcune prioprietà dell'atomo[END_REF] theory which concentrates of electron density as an important variable, not bothering about the definition of the wave functions. In the interest of better understanding some issues important for the present work (e.g., the construction and use of hybrid functionals), it make sense to briefly explain what the HF theory is.

The starting point in a solution of any many-electron problem is the Schrödinger equation

HΨ = EΨ . (2.1)
with Hamiltonian for a system of N electrons

Ĥ = - h2 2m N i=1 2 i + N i=1 V ion (r i ) + 1 2 N,N ij(i =j) e 2 |r i -r j | , (2.2)
where V ion is the Coulomb potential described as the interaction of nucleus I with charge Z I e at position R I with the electron at r i , given as:

V ion (r i ) = - I Z I e 2 |R I -r i | . (2.3)
This expression is exact. The wave function, whatever the final expression for it, must satisfy the condition of being antisymmetric with respect to permutation of any two electrons. This can be enforced by postulating a special form of the wave function, that of (just one) Slater determinant [START_REF] Slater | The theory of complex spectra[END_REF] composed of one-electron functions to express the product of anti-symmetric wave functions in the form of determinant.

This represents a (severe) limitation on the possible shape of the multi-electron wave function; yet this is a clearly defined limitation, which may serve an unambiguous reference point and beyond which the improvements can be systematically applied. This limitation being accepted, the focus of the method is placed onto the search of oneelectron functions the Slater determinant of whose would provide the best expression for the wave function. The criterion of what is the "best" is the variational principle, in the spirit of which the expectation value of the Hamiltonian ( Ψ| Ĥ|Ψ ) calculated with wavefunctions Ψ|Ψ is minimised in terms of individual wavefunction (ψ) from which the Slater determinant is constructed. Individual variation of each wavefunction (ψ i → ψ i + δψ i ) leads to a system of HF equations:

1 2 2 +V ion (r) ψ i (r) + j dr [ψ * j (r )ψ j (r )] 1 |r -r | ψ i (r) V H - j dr [ψ * j (r )ψ i (r )] 1 |r -r | ψ j (r) V X = i ψ i , (2.4) 
V H and V X are the Hartree potential, and exchange potential respectively. This is a system of coupled non-local integro-differential equations, the practical resolution of which would typically require resorting to numerical schemes and iterative self-consistent solution. By its shape, each equation resembles the Schrödinger equation on Ĥ, however with a Hamiltonian which includes "specific" terms. One of these terms V H has a meaning of the electrostatic potential due to all the electrons available (including that for whose wave function the equation in question is formulated, that is, including the self-interaction of each electron with itself). The other "specific" term corrects this (nonphysical) self-interaction and takes into account the Pauli exclusion principle. This term is called exchange and is at the core of the HF approximation.

One speaks of "exchange potential" V X (the corresponding term in the Hamiltonian)

or "exchange energy" E X (the result of integration with the wave function). The index "X" is traditionally used as a reference to eXchange.

The non-locality of HF equations is related to the exchange term, which can be understood as an integral operator acting on a function under search. This creates certain technical difficulties in the practical solution of HF equations. Attempts to overcome these difficulties via certain approximations were on one line of development which lead to what later emerged as DFT. The other line of development run along the recognition of (electron) density of a basic variable, at least for a description of ground-state properties, which is much more "easy" than the multi-argument many-body wavefunction, and yet carries important information about the physical system. However, before concentrating on ground-state properties, we discuss electronic excitations and how they enter the context of the HF theory.

Studying excitations gives a clue to understanding the interactions of light with matter, therefore they must be important in our analysis of photovoltaic materials and processes in them. A priori an excitation means a transition of many-electron system between two states, one of which is usually the ground state and the other is one of possible excited states. Within the paradigm of the HF method, the states differ in how the corresponding one-electron states entering the Slater Hamiltonian are occupied by electrons. If the dynamical aspect of an excitation is not important for us, we can refer just to a difference between the two well-defined static states. The excitation energy, then, will be the difference between the total energies of system in these states.

The HF equations include energy parameters which emerge as Lagrange multipliers in the course of deriving the equations; however, by their place in the resulting equations, they resemble the energies in a Schrödinger equation. They are therefore usually referred to as one-electron energies, or HF eigenvalues. The Koopmans' theorem [START_REF] Koopmans | Über die Zuordnung von Wellenfunktionen und Eigenwerten zu den Einzelnen Elektronen Eines Atoms[END_REF] establishes their physical meaning and relation with total energy differences. The prerequisite for a validity of the Koopmans' theorem is that the one-electron functions corresponding to the states under discussion (i.e., occupied and empty ones, at two sides of a transition) are the same, or, otherwise said, undergo no relaxation as the electron is transferred between them. This assumed, the difference of two one-electron states between which the electron is transferred emerges as an estimate of the corresponding excitation energy. It is understandable that such difference would usually come about overestimated (as compared to experiments, or with more accurate calculations) for the simple reason that the relaxation (modification) of the electronic system following an excitation would lower the system's total energy. Retrospectively, the experience of HF calculations shows that the estimations of excitation energies done on the basis of comparing the corresponding total energies is usually able to provide reasonable results (without going into details here) [START_REF] Groß | Electronic Structure Methods and Total Energies[END_REF]. However, a systematic tendency of difference in one-electron energies to overestimate the energy of excitation between the corresponding states, which can be characterized as "unjustified expectations" from the Koopmans' theorem, is usually recognized as a shortcoming of calculation. With respect to situation in solids, where the optical excitation connects the states at the top of the valence band and at the bottom of the conduction band, and the corresponding calculation reveals the corresponding energy difference wrongly, the situation is typically casted as "gap problem". We just remark here that the HF calculations, judging by the predicted energy positions of corresponding oneelectron states, tend to overestimate the band gap values.

Subsequent efforts, due e.g. to [START_REF] Slater | The theory of complex spectra[END_REF], aimed at "taming" the non-locality in the HF exchange term, which posed certain problems in practical calculations. This tendency merged with the other line of theory development for multi-electron systems, which originated from the works by [START_REF] Thomas | The calculation of atomic fields[END_REF] and [START_REF] Fermi | Un metodo statistico per la determinazione di alcune prioprietà dell'atomo[END_REF] and emphasized the role and usefulness of the averaged density ρ(r), rather than the wavefunction Ψ(r) in all its complexity. The expression for ρ via Ψ near the position r in space is the following:

ρ(r) = N |Ψ(r, r 2 , r 3 , ..., r N )| 2 dr 2 dr 3 ...dr N . (2.5)
The interest in density-related techniques considerably gained field as [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] demonstrated that the total energy in a ground state of a multi-electron system is fully determined by, i.e., is a functional of, just density, a simple function of r, whatever the complexity of its underlying multi-electron wave function would be. In spite of certain limitation (applicability to ground states, which limitation was subsequently weakened so as to encompass many practically interesting cases; the unknown form of this functional, etc.), the general paradigm of what thus became the density functional theory (DFT) fascinated many researches and led to remarkable practical results. It turned out that within this paradigm one can (at least hope to) overcome certain limitations inherent to the HF theory because of a priori singledeterminant character of the wave function used within this theory. One says that the HF theory neglects correlations, that is, the tendency of electrons to avoid each other due to Coulomb repulsion between them as point charges, beyond whatever is already taken into account by the interaction of each electron with the whole electron density and mutual avoiding of electrons with the same spin, both these factors being already accounted for within the HF theory. [START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF] gave to the DFT its most recognizable "incarnation": on the way to apply variational principle to the total energy being functional of density, they expressed this density ρ(r) as a sum over auxiliary functions ϕ i (r) so that

ρ(r) = i |ϕ i (r)| 2 . (2.6)
Formally not being anyhow related to one-electron wave functions (in eq. 2.4), these functions, called Kohn-Sham (KS) orbitals, behave very much like physically / chemically "meaningful" orbitals in molecules or solids; they satisfy a system of equations

(Kohn-Sham equations) - h2 2m 2 +V ef f (r) ϕ i (r) = i ϕ i (r) , (2.7) V ef f (r) = V (r) + ρ(r ) |r -r | dr + V XC (r) , (2.8)
where V (r) is the interaction with external potential, including electron-nuclei interaction, and V XC (r) is the exchange-correlation potential.

Eq. (2.7) resembles the HF system (see Eq. 2.4) or, more in general, the Schrödinger equation, and this without loss of generality. These KS orbitals are occupied according to the accedence of their corresponding energies i , and the N orbitals with the lowest energies contribute to the definition of density according to Eq. 2.6. The generality of the KS scheme and all its potential power is then confined in the definition of exchangecorrelation potential V XC , which can be considered as a counterpart of the exchange potential in the HF method, and which is defined as the functional derivative of the exchange-correlation energy over density. Now, for practically implementing the solution of KS equations, one needs to explicitly specify an expression for E XC [ρ(r)]. This gave rise to a hierarchy of approximations and ad hoc schemes, which come about from time to time, typically suggested on the basis of combining some known and expected limiting cases (asymptotics, sum rules, etc.) with numerical results obtained with methods of superior accuracy, or simply adjusting to some experimental properties available for a large enough body of representative systems. Some schemes get broad recognition for their good predictive power, physical transparency, or practical simplicity, whereas others get lost in oblivion. For a minimal historical introduction, we should at least name the local density approximation (LDA), in which the density of exchange-correlation energy (r) at some point r depends only on the value of density in this very point, i.e.,

E (LDA) XC = dr XC (ρ(r)) , (2.9) 
and generalized gradient approximation (GGA), in which the gradient of density along with the density itself, taken at spatial point r, give a closed expression for the density of XC energy.

Besides the total energy (from which the forces can be derived and used to drive the search for ground-state structure, hence structure relaxation), the KS eigenvalues i provide an important portion of calculation results. The Janak's theorem [START_REF] Janak | Proof that ∂e ∂n i = in density-functional theory[END_REF] establishes the meaning of i as derivatives of the total energy with respect to the occupation number of the corresponding electron state, n i . We remind that in the HF theory, according to the Koopmans' theorem, the eigenvalues are "finite differences" between values of the total energy in two states of system in which the electron occupation numbers of the concerned electron state differ by one. Traced as functions of wavevector k, they represent band structures, and when integrated over the Brillouin zone they yield the density of states. The comparison of these properties with experimental results, e.g. photoemission or optical spectroscopy, even if not strictly justified, may often be instructive. "Not strictly justified" means that the "true" band gap has to do with excitations within a many-electron system rather than with one-electron (mean-field) properties. However, a more profound analysis (see, e.g., [START_REF] Perdew | Density-functional theory for fractional particle number: Derivative discontinuities of the energy[END_REF]) relates the "true" band gap with the "KS gap" (obtainable directly from the band structure) which has yet to be corrected by a term which, in the ideal case of "exact" (yet unknown) XC potential should take into account the fact that the total energy is a piecewise linear function of occupation numbers, the property which is not a priori present in LDA nor in the GGA. Due to this omission, the "KS gap" according to LDA or GGA is typically, and systematically, lower than the "true" value, which is routinely referred to as "gap problem". Among several ways suggested so far to cope with this problem, we single out (and use in the following) the hybrid approach.

Hybrid Functionals

An idea of hybrid functionals were first suggested by [START_REF] Becke | A new mixing of Hartree-Fock and local density-functional theories[END_REF]. According to this idea, certain percentage of exact exchange energy (according to the HF scheme) replaces the corresponding fraction of the XC energy, calculated within a "conventional" DFT.

These are sophisticated functionals known concerning the energetics of system, see e.g. see [START_REF] Ernzerhof | Assessment of the Perdew-Burke-Ernzerhof exchange-correlation functional[END_REF]. The amount of admixture is fixed by a coupling constant α, which defines which percentage of HF is mixed with the DFT functionals e.g., as follows:

E XC = (1 -α)E P BE + αE HF , (2.10)
where E PBE here and in the following will indicate the exchange-correlation energy as calculated at a GGA level according to initial prescription by Perdew, Burke and Ernzerhof [Perdew et al., 1996b], however, further on modified by [START_REF] Perdew | Restoring the density-gradient expansion for exchange in solids and surfaces[END_REF] in their formulation of a GGA "revised for solids". This latter prescription, by now tested in an impressive number of publications, generally seems to yield acceptably accurate results concerning equilibrium structures and elastic properties for a large variety of densely packed solids and their surfaces. The (arbitrary) modification of the mixing parameter α brings with itself quite important variations of the results of DFT calculation, such as the vibration energies, or the band gap. Therefore, trading somehow the "first-principleness" of the approach for more accurate practical predictability, one can opt for tuning the value of α so as to faithfully reproduce some essential properties for a given class of materials. Following such tuning described in detail in the next chapter, we arrive at the optimal values α=16% for inorganic halide perovskite and α=19.87% from organic halide perovskite.

Further on, the numerical representation of density and potential may be constructed either by discretisation over a spatial grid or atom-centered radial mesh, or formulated in terms of expansions over appropriately chosen basis functions. Among the basis functions, two groups can be specially emphasized: delocalized ones (typically, plane waves) and atom-centered localized numerical or analytical functions. A vast literature exists on the relative merits and optimal domains of use of each of these two groups. In the present work, practical calculations have been done with the use of CRYSTAL code [START_REF] Dovesi | CRYSTAL88, an ab initio all-electron LCAO-Hartree-Fock program for periodic systems[END_REF] (in particular, its CRYSTAL17 version, [START_REF] Dovesi | Quantum-mechanical condensed matter simulations with CRYSTAL[END_REF]) which was the pioneering software, nowadays leading with well established reputation of reliability, in the use of Gaussian-type basis functions in Hartree-Fock and DFT calculations on periodic solids. The Gaussian basis functions and their useful properties are discussed in the following.

Gaussian-type basis functions

Gaussian type orbitals (GTOs) are three-dimensional functions, usually (but not necessarily) "centered" at an atom, the angular form (θ, φ) of which is represented by spherical harmonics, and the radial part -by a power function times Gaussian function with appropriate localization parameter β :

G lmn (r, θ, φ) = N n r n-1 e -βr 2 Y m l (θ, φ) .
(2.11)

The advantage of using such functions is that the multicenter integrals involving them can be calculated analytically, since a product of two Gaussian functions centered at different sites is a sum of some other Gaussian functions centered elsewhere, see e.g. [START_REF] Besalú | The general Gaussian product theorem[END_REF]. There is however a problem is their use, related to the fact that the radial shape of GTOs badly represents that of physical molecular orbitals: the GTOs do not possess a singularity at the origin which is a property of s-orbitals; moreover they fall down too fast at large distances from the center. For example, Slater-type orbitals (STO) ∼r n e -αr may serve to imitate the "natural" shape of the molecular orbitals much better. A standard practical way out of this difficulty is to use a (fixed) linear combination of several GTOs to approximate a single STO.

The so formed combinations of (primitive) Gaussian functions are called contracted Gaussian functions.

The calculations done with GTO-type basis sets , as with any other system of basis functions centered on atoms, are vulnerable to Basis set superposition error which is explained in the following.

Basis set superposition error (BSSE)

This error has in its origin the fact that the basis set practically used is, out of technical necessity, not complete, so that the efficiency of minimizing the total energy by variational method (that is, in any self-consistency loop within electronic structure calculation) depends on the quality of the basis set available. As two atoms are close enough so that the basis functions centered on them do considerably overlap, the atoms may "borrow" the basis functions at a respective neighbour to "improve" the variational freedom of their "own" states. The overall "quality" of the basis is then not the same as when the atoms are placed at a distance, hence the energy in the extraction of, say, interaction energies can be erratic. Obviously, such kind of error does not come about if the basis set is fixed (e.g., consists of plane waves) and does not move with the atoms, even if such basis set is not complete either.

Consider a calculation of adsorption energy of a molecule on the surface, using the following "naive" formula:

∆E adsorption = E surface+mol -E surface -E mol .
(2.12) E surface+mol , meaning the result of a calculation for a combined system of a system with adsorbed molecule, is a priori "more accurately" estimated than in two others, "surface-only" and "molecule-only" calculations, simply for the reason that the two latter calculation operate with their correspondingly reduced basis sets and not the full (combined) one. Correspondingly, the calculated energy difference (i.e., adsorption energy) will suffer from a systematic error. One of the known methods suggested to eliminate BSSE is the counterpoise method, suggested by [START_REF] Boys | The calculation of small molecular interactions by the differences of separate total energies. Some procedures with reduced errors[END_REF].

In this method, the consistency of the basis functions in the cases compared is maintained by introducing ghost atoms with their respective basis functions at the place of a (missing) neighbour to a molecule. In this way, the calculations for molecule and surface with molecule are done with exactly the same basis set. The expression for the adsorption energy of the molecule will then be as follows:

∆E CP adsorption = E surface+mol -E surface+ghost mol -E mol+ghost surface .
(2.13)

CRYSTAL17 code

The CRYSTAL program suite was designed to perform electronic structure calculations for periodic systems. In practical terms, this periodicity can be imposed in three dimensions (to treat crystals), in two dimensions (to treat films, slabs, or surfaces), in one dimension (to treat linear chain systems, e.g., like polymers) or in "zero dimension", i.e., excluded completely, for the treatment of isolated molecules or finite clusters. The package underwent a path of development and improvements since [START_REF] Dovesi | CRYSTAL88, an ab initio all-electron LCAO-Hartree-Fock program for periodic systems[END_REF] to its present version [START_REF] Dovesi | Quantum-mechanical condensed matter simulations with CRYSTAL[END_REF]. Within CRYSTAL, both the HF and KS equations, as well as hybrid schemes, can be solved self-consistently. The KS or HF orbitals are expanded over basis sets of GTOs discussed in Section 2.6. Closed shell and spin-polarised calculations can be performed. An "all-electron" approach is possible, within which all the orbitals from 1s onwards are explicitly included into the self-consistent scheme, with the use of the "full" potential, that is, without constraints on its spatial shape. One may choose the valence-only approach to certain atoms and treat other atoms according to the all-electron paradigm within the same calculation, guided by experience and the relative importance of different core states for the properties under study.

The use of "valence-only" scheme implies the use of effective core pseudopotentials (ECP) see [START_REF] Singh | Pseudopotentials, and the LAPW Method[END_REF]. These are potentials acting on valence electrons in the presence of (excluded from the calculation) core electrons. By their constructions (see details in Martin [2004]; [START_REF] Dolg | Chapter 14 -relativistic effective core potentials[END_REF]), these potentials are different (orbital moment dependent) in their action on different electron states, hence the definition "pseudo".

Pseudopotential implemented in CRYSTAL is a sum of three terms: Coulomb term (C), a local term (L) and a semi-local term (SL) [START_REF] Dovesi | CRYSTAL17 User's Manual[END_REF]:

C = -Z N /r , (2.14) L = M k=1 r n k C k e -α k r 2 , (2.15) SL = 4 l=0 M l k=1
r n kl C kl e -α kl r 2 P l .

(2.16)

Z n is the effective nuclear charge which is the difference of total nuclear charge and the number of electrons represented by effective core potential. l is the angular quantum number and is related to the projection operator P l . C kl , α k , α kl , M l , M, n kl are the pseudopotential parameters.

CRYSTAL can employ different sets of pseudopotentials, such as, Stuttgart-Dresden [START_REF] Andrae | Energy-adjusted ab initio pseudopotentials for the second and third row transition elements[END_REF], Durand and Barthelat [START_REF] Durand | A theoretical method to determine atomic pseudopotentials for electronic structure calculations of molecules and solids[END_REF], Hay and

Wadt with small [START_REF] Wadt | Ab initio effective core potentials for molecular calculations. Potentials for main group elements Na to Bi[END_REF] and large [Hay and Wadt, 1985d] cores.

In Stuttgart-Dresden, ECPs are of semi-local type and include non-relativistic and scalar-relativistic, spin-orbit and core-polarization potentials. [START_REF] Durand | A theoretical method to determine atomic pseudopotentials for electronic structure calculations of molecules and solids[END_REF] developed an ECP that also is a semi-local shapeconsistent type ECP. Hay and Wadt pseudopotentials also include scalar-relativistic effects and are used for transition and main group elements.

Stuttgart-Dresden fully relativistic pseudopotentials have been adopted for Br, I and Pb, and a Hay-Wadt pseudopotential for Cs in this work.

Theoretical framework within CRYSTAL code

Crystal17 uses CO-LCAO (linear combination of atomic orbitals) scheme for the treating periodic systems. CO is the crystalline orbital, ψ (r; k), and in this case, CO is the linear combination of Bloch Functions, φ(r; k) defined in terms of Atomic Orbitals, ϕ µ (r).

ψ i (r; k) = µ a µ,i (k)φ(r; k) .
(2.17)

φ µ (r; k) = K ϕ µ (r -N µ -K)e ik•K . (2.18)
N µ is the nucleus' coordinate in the zero reference cell where ϕ µ is centered, and the sum is extended over the set of all the lattice vectors, K. The local functions can be represented as linear combinations of (some number, n G ) individually normalised Gaussian type functions (GTO) with the same center and fixed coefficients, d j and exponents, α j defined as:

ϕ µ (r -N µ -K) = n G j d j G(α j ; r -N µ -K) . (2.19)
These atomic orbitals of a given atom are assembled into shells, λ. These shells would include all the atomic orbitals with similar quantum numbers, n and l, or these shells can also acquire atomic orbitals with similar principal quantum number, n if the number of GTOs and their corresponding exponents are similar. The grouping of atomic orbitals can reduce the number of auxiliary functions which are required for the calculation of electronic integrals (see [START_REF] Pisani | The CRYSTAL code[END_REF] for details ) and thereby increase the calculation speed.

The coefficients of expansion of Bloch Functions, a µ,i (k), are evaluated by solving the matrix equations at each reciprocal lattice vector: k.

F (k)N (k) = S(k)N (k)E(k) , (2.20) 
where S(k) is the overlap matrix for the Bloch Functions and E (k) is the diagonal energy matrix and F (k) is the Fock matrix:

F (k) = K F K e ik•K . (2.21)
The elements of matrix F K can be expressed as a sum of one and two-electron contributions in atomic orbitals' basis set:

F K 1 2 = H K 1 2 + B K 1 2 . (2.22)
The sum of kinetic and nuclear interactions terms are included in one-electron contributions while Coulomb and exchange contributions are included in two-electron terms.

B K 1 2 = 3,4 Q P Q 3,4 S [(ϕ 0 1 ϕ K 2 |ϕ S 3 ϕ S+Q 4 ) - 1 2 (ϕ 0 1 ϕ S 3 |ϕ K 2 ϕ S+Q 4 )] .
(2.23)

The elements of density matrix, P Q , are evaluated by integration over the Brillouin zone volume.

P Q 3,4 = 2 BZ dke ik•Q n a * 3n (k)a 4n (k)θ( F -n (k)) , (2.24)
where a in is i-th component of n-th eigenvector, step function is denoted by θ, F and n are the Fermi energy and n-th eigenvalue respectively. The total electronic energy per unit cell can be computed as:

E = 1 2 1,2 K P K 1 2 (H K 1 2 + B K 1 2 ) . (2.25)
In CRYSTAL17, the idea to simulate the unpaired electrons are realized through spin polarised calculation. In the case of a system with all electrons paired, the latter referring to "up spin" and "down spin" states are restricted to the same spatial orbital.

In case of spin polarised calculations, the spatial degeneracy of the orbitals marked by different spins does not hold anymore. In this work calculations of a priori or supposedly magnetic systems, for instance all cases involving the O 2 molecule, have been carried out with spin polarisation. Also, for the simulation of neutral vacancy, spin polarised approach is used, the reasons and implications of which are discussed in detail in Chapter 3.

Phonon calculation

Lattice dynamics is involved in the second-order derivatives of energy with respect to the nuclear coordinates. Some of the important physical properties, such as the vibration spectra, thermal expansion, specific heat can be obtained. The vibration spectra FIGURE 2.1: Flow chart of CRYSTAL code [START_REF] Pisani | The CRYSTAL code[END_REF] can provide information about the stability of structure. The decoupling of electrostatic motion from nuclear motion through the Born-Oppenhimer approximation is the basic assumption for computing lattice dynamics. Under these approximations, the second derivatives of total energy with respect to the deviations u of nuclei from their equilibrium positions gives the force constants relative to all pairs of nuclei in the lattice.

H g ij = ∂ 2 E ∂u 0 Ai ∂u g Bj , (2.26)
Eq. (2.26) represents one element of Hessian matrix relative to the oscillations along the i th coordinate of A atom in the 0 cell and along the j th coordinate of B atom in the g cell (because of the lattice transnational invariance one atom can be considered in the 0cell). The size of Hessian matrix for a crystal can be infinite. However, the derivatives of energy have the same periodicity as does the potential energy, i.e., the periodicity of the lattice. Therefore, the oscillating nuclei in the lattice, should they be described by their respective vibrational wave functions, must also obey the Bloch theorem.The Hessian matrix can be made dependent on the reciprocal lattice vector, instead of be numbered by all possible atom pairs, by force of the lattice Fourier transform. The square matrix is associated with a k point within the reciprocal space and it can be obtained by Fourier transformation of Eq. 2.26

H ij (k) = g e ik•g H g ij . (2.27)
This lattice summation is done for each pair of atoms populating the unit cell, previously numbered by (A,B). Here, these indices are omitted for brevity.

For any reciprocal-space vector k, residing in the first Brillouin zone, the frequencies and eigenvectors of lattice vibrations can be obtained by diagonalising the matrix Ω, following from Hessian by simply rescaling the latter with masses of atoms in the unit cell. Without applying any symmetry considerations, the size of the matrix is three times the number of atoms in the unit cell N .

As the k vector varies, the 3N solutions for vibration frequencies vary along (possibly degenerate) branches, revealing the phonon dispersion.

At Γ point, the frequency is zero for the three branches. These modes are associated with translation of the whole crystal within the space in any direction. They are called acoustic modes. Vibration modes within other branches than these three, in which different atoms within the unit cell does not move in an identical way, are referred to as optical modes.

Once the dispersion relation is known, thermodynamical properties can be computed using statistical mechanics equations. One of such properties, the Helmholtz Free energy, F can be calculated as:

F = n,k 1 2 hω nk + k B T ln[1 -exp(- hω nk k B T )] ,
(2.28)

where k B is the Boltzmann constant and the sum is for all the lattice vibrations ω nk .

Computational details

As regards the atomic basis sets, all-electron GTFs has been used for the carbon [START_REF] Dovesi | Ab initio approach to molecular crystals: A periodic hartree-fock study of crystalline urea[END_REF], oxygen [START_REF] Sophia | First-principles study of the mechanisms of the pressure-induced dielectric anomalies in ferroelectric perovskites[END_REF] and chlorine [START_REF] Apra | On the structural properties of NaCl. an ab initio study of the B1-B2 phase transition[END_REF] while the Stuttgart-Dresden fully relativistic pseudopotentials have been adopted for Br [START_REF] Peterson | Systematically convergent basis sets with relativistic pseudopotentials. ii. small-core pseudopotentials and correlation consistent basis sets for the post-d group 16-18 elements[END_REF], I [START_REF] Peterson | On the spectroscopic and thermochemical properties of clo, bro, io, and their anions[END_REF] and Pb [START_REF] Metz | Small-core multiconfiguration-Dirac-Hartree-Fockadjusted pseudopotentials for post-d main group elements: Application to PbH and PbO[END_REF], and a Hay-Wadt pseudopotential for Cs [Hay and Wadt, 1985a,b,c].

The 3s, 3p, 3d, 4s and 4p electrons of Br, 4s, 4p, 4d, 5s and 5p electrons of I, 5s, 5p and 6s electrons of Cs, and the 5s, 5p, 5d, 6s and 6p electrons of Pb are treated as valence electrons in order to guarantee a good description of the structural and electronic properties of each perovskites with respect to experiment. The description of the basis sets are given in detail in Appendix A.

The Cl, Br, I, C and O and Pb basis sets are fully described in Appendix.

For the evaluation of the Coulomb and exchange series within CRYSTAL, the truncation thresholds for the bielectronic integrals were set to 10 -8 (overlap threshold for Coulomb integrals), 10 -8 (penetration threshold for Coulomb integrals), 10 -8 (overlap threshold for HF exchange) , 10 -8 (pseudo-overlap HF series) and 10 -16 (pseudooverlap HF series) a.u., respectively. When the bielectronic integrals values are smaller than the above mentioned parameters, the corresponding overlap value is not considered. The details can be found in the the CRYSTAL manual [START_REF] Dovesi | CRYSTAL17 User's Manual[END_REF].

The calculations have been performed with a 14 × 14 × 14 and a 6 × 6 Monkhorst-Pack k-meshes [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF] for the bulk materials and the surfaces, respectively. The convergence criteria on total energies (and for the elastic constants and frequencies determination) were 10 -9 (10 -12 ) Ha. Atomic displacements and forces thresholds were 1.8 • 10 -3 Bohr and 4.5 • 10 -4 Ha/Bohr, respectively. The details of calculations is discussed in the next Chapter. With these computational conditions, the obtained data can be considered as fully converged.

Chapter 3

Modelling of organic/inorganic halide perovskites: bulk and surfaces

In this chapter, we discuss the applications of the DFT in general, including the bulk and surface properties and the CRYSTAL method in particular to halide perovskites in order to stipulate some primary results and to set up further calculations on more complex perovskite systems.

Organic/inorganic halide perovskites exist in different phases (cubic, tetragonal, orthogonal), as discussed in chapter 1. The cubic phase (space group P m 3m) is the high-temperature phase, which is suitable for photovoltaic applications. At the start of the calculation, the information of the Bravais lattice and atomic positions of cubic phase (P m 3m) for organic and inorganic halide perovskites is taken from the literature [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]Brivio et al., 2015;[START_REF] Moller | Crystal structure and photoconductivity of cesium plumbohalides[END_REF][START_REF] Murtaza | First principle study of the structural and optoelectronic properties of cubic perovskites CsPbM 3 (M = Cl, Br, I)[END_REF][START_REF] Trots | High-temperature structural evolution of caesium and rubidium triiodoplumbates[END_REF][START_REF] Ma | Stable alpha/delta phase junction of formamidinium lead iodide perovskites for enhanced near-infrared emission[END_REF]. This is when several calculation parameters, essential for the accuracy of results and the efficiency of calculation, should be tested and fixed for subsequent use. In the following, we address these parameters one by one. After setting the parameters, the discussion is carried out to the slabs and the perfect surface (for organic/inorganic halide perovskite) followed by the halide vacancy defects (charged/neutral) on the surface of inorganic halide perovskites.

Parameters for the calculations

k-point sampling

Electron wavefunctions ϕ i (r, k) and Kohn-Sham energies i (k) in a periodic solid are numbered, among other quantum numbers, by values of wavevector k which are quasi-continuously distributed in the Brillouin zone. Any summation over electronic states, for example, in order to calculate charge density, total energy, or transport properties, would then involve integration over the Brillouin zone. In practical terms, this continuous integration is replaced by discrete summation or sampling, over a mesh of k-points generated with a certain density. Details of this procedure come back to [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF]. The appropriate number of k-points depends on the type of system. A denser k-points mesh improves the accuracy of calculation but consumes more computational resources.

The density of k-points mesh is tested against the bandgap of the system. Corresponding results of trial calculations are shown in Figure 3.1. One can conclude that the calculated band gap value stabilizes to ∼1 meV for the k-mesh with 12×12×12 divisions (along the reciprocal lattice vectors) for CsPbCl 3 and CsPbBr 3 , whereas calculations for CsPbI 3 demand a bit denser mesh of 14×14×14, that can be due to a more covalent character of iodine-halogen bonding and comparatively larger lattice parameter. Bandgap, an important parameter characterising systems subject to optical excitations, is a property of particular attention in this work. Inorganic halide perovskites in their cubic phase show a direct bandgap. For systems with direct/indirect bandgap, the effect of k-mesh plays a role via the general accuracy of the calculation.

More accurate k-space integration results in more accurate density, which gives more accurate potential resulting in a more accurate band structure. Keeping in mind the consumption of computational resources and not compromising with the accuracy in the bandgap, the k-mesh density corresponding to 14×14×14 divisions over the Brillouin zone of cubic perovskite was retained in subsequent calculations. 

Hybrid Functional

In the attempts to accurately reproduce the ground-state properties (lattice parameters, equilibrium geometry) and properties related with excitations (bandgap, dielectric function) in practical DFT calculations, many researchers resort to the use of hybrid XC functionals. These functionals employ a certain admixture of the "exact" HF exchange to the expression for the "conventional" XC functional defined within one or other schemes. While intended to be suitable for general enough use, the hybrid functional is subjected to more or less "intelligent" choice of the mixing scheme and proportions of exact exchange and exchange-correlation. In practical terms, a priori accepting a nearly phenomenological nature of such adjustment, one faces a necessity of compromise between applicability to possibly many systems and high accuracy in the description of at least some of them. This approach allows to define the Hamiltonian best suited for describing the properties of a given family of materials. For example, recently it was used efficiently for the study of the influence of alkali metals on the properties of chalcopyrites [START_REF] Lafond | Hybrid functionals approach for the study of the properties of complex materials for photovoltaic applications[END_REF]). In this work, we neglect the spinorbit interactions as they will have negligible contributions in the adsorption energy, which is focused in this work.
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In the present work, the hybrid functional was optimised, specifically for the applications to halide perovskites. The target systems for tuning of hybrid functionals were CsPbX 3 (X=Cl, Br, I), and target properties -equilibrium lattice constant and bandgap. Table 3.1 shows the bandgap values for three perovskites, as calculated with different flavours of XC potentials. Among them are GGA functionals, such as PBE [Perdew et al., 1996b], PBEsol [Perdew et al., 2008a], which is a revised version of PBE for solids. Further on, the table includes results for PBE0 [Perdew et al., 1996a] and PBEsol0 (derived from PBE0) due to [START_REF] Adamo | Accurate excitation energies from timedependent density functional theory: Assessing the PBE0 model[END_REF]; this latter mixes PBE exchange energy with some fixed percentage of HF exchange. Further on, the table includes B3LYP [START_REF] Vosko | Accurate spin-dependent electron liquid correlation energies for local spin density calculations: a critical analysis[END_REF], where Becke's three parameters functional combined with LYP, a non-local correlation part, and HSE06 [START_REF] Heyd | Hybrid functionals based on a screened Coulomb potential[END_REF], which uses error function screened Coulomb potential to calculate the exchange part. With all these mentioned functionals, the lattice parameter was optimised and then the bandgap value was extracted. For one of GGA schemes, the PBEsol functional, the effect of additional admixture of the HF exchange according to Eq. 2.10 was explicitly studied, in order to inspect how sensitive the optimised lattice parameter and the corresponding band gap would be to the mixing coefficient. The percentage relative error in the bandgap, referred to the experimental value, is shown in Figure 3.2. The relative error in the lattice parameter did not exceed 10 -3 throughout the range of mixing studied, and hence is not specially addressed. Based on these results, the admixture level of 16% has been taken as a reasonable compromise value minimises the band gap value and lattice parameter error for the three systems studied.

As can be seen from Table 3.1, GGA functionals, such as PBEsol and PBE, underestimate the bandgap. Global hybrid functional, such as B3LYP, HSE06, PBE0, overestimate the bandgap and lattice parameter. Hybrid functional (PBEsol + 16% of HF exchange) optimised with an appropriated admixture of HF percentage is found to be more accurate in this sense than the other ones, yielding an error in the band gaps close to 6% for CsPbI 3 , 4% for CsPbBr 3 and 3% for CsPbCl 3 , whereas the error in the lattice the parameter is around 0.001% for the three compounds.

For MAPbI 3 and FAPbI 3 , the hybrid functional used is a mixture of GGA functional, PBE and 19.87% of HF exchange. For MAPI, the error in bandgap with used Hybrid functional is close to 1%, and within the lattice parameter, the error recorded is around 0.001%.

Bulk properties of perovskites

With the parametrisation of hybrid functionals thus fixed, we now turn to discussing the results of hence resulting crystal structures at equilibrium.

Lattice parameter and internal coordinates

Structural optimisation is carried out for organic/inorganic halide perovskites in order to estimate the equilibrium lattice parameter. The corresponding results are shown in the table 3.2.

For CsPbX 3 (X=I, Br, Cl), the high-temperature cubic phase (P m 3m) is used initially, the lattice parameter and the internal coordinates are optimised. The perovskite-type materials are known to develop structure instabilities, which can be grasped as softening of particular phonon modes (see, for instance, [START_REF] Yang | Spontaneous octahedral tilting in the cubic inorganic cesium halide perovskites CsSnX 3 and CsPbX 3 (X = F, Cl, Br, I)[END_REF], concerning the instabilities in CsPbX 3 materials). The most typical is the zone-boundary instability, which manifests itself as a tilting of the PbX 6 octahedra leading to the cubic to tetragonal phase transition (see Figure 1.2). In a calculation, the instability reveals itself as a softening, i.e. exhibiting low frequency squared and even getting the frequency imaginary, of a particular vibration mode over certain areas of the Brillouin zone. In the cubic phase, instability is present along the edges of the Brillouin zone (see Figure 3.3 TABLE 3.2: Calculated lattice parameters (a, in Å) and optical band gap (E g , in eV) for the cubic structure (space group P m 3m) of the CsPbX 3 (similar to the Table 3.1 using of hybrid functionals), MAPbI 3 and FAPbI 3 (pseudo cubic phase) perovskites, as determined with the hybrid functional used. The experimental data are given for comparison.

Compound c). For resolving the instability, as indicated by the phonon eigenvector of the corresponding unstable mode, the symmetry constraints were removed subsequently (lowering of symmetry from cubic to orthorhombic one) for structure relaxation, and structure optimisation was redone. The final structure is in the orthorhombic phase (P nma). In the case of CsPbI 3 , the orthorhombic phase formed is distorted and of type Amm2.

In the case of MAPI, similar to CsPbX 3 perovskites, the initial structure used is the high-temperature cubic one, for which the lattice parameter and the internal coordinates were optimised. On lowering of symmetry from cubic to orthorhombic, the structure is re-optimised. The final structure is in the orthorhombic phase (P nma).

In case of FAPI, the initial trial structure was taken orthorhombic, as suggested by [START_REF] Weller | Cubic perovskite structure of black formamidinium lead iodide, α-[HC(N H 2 ) 2 ]P bI 3 , at 298 K[END_REF]. 

Electronic properties

Out of the different crystalline structures of perovskites, the cubic phase for each compound seems to be best suited for the photovoltaic applications because of its band gap being about optimal (around 1.6 eV). A phase transition from cubic to tetragonal or orthorhombic phase brings changes in the electronic structure and hence influences the electronic properties [START_REF] Yang | Spontaneous octahedral tilting in the cubic inorganic cesium halide perovskites CsSnX 3 and CsPbX 3 (X = F, Cl, Br, I)[END_REF][START_REF] Stoumpos | The renaissance of halide perovskites and their evolution as emerging semiconductors[END_REF].

The bandgap in halide perovskite depends on the chemical nature of A, B and X atoms and also is influenced by the crystalline symmetry of valence band maximum (VBM) and conduction band minimum (CBM) [START_REF] Meloni | Valence and conduction band tuning in halide perovskites for solar cell applications[END_REF]. VBM is formed by combination of antibonding ns and mp orbitals of B and X atom, that would mean e.g., (Sn-5s, Pb-6s) and (I-5p, Br-4p, Cl-3p) respectively. These orbitals have a high covalent character with B/X orbital contribution around 30-40/70-60% depending on the crystal symmetry and chemical nature of A, B and X atoms. The CBM is formed by the combination of antibonding np and ms orbitals of B and X atoms, respectively. These orbitals are more ionic, in contrast to those present at the VBM, so that the orbital contribution of the B atom is around 70-90%.

From Table 3.3, different phases of perovskite show different bandgaps, which is due to the changing symmetry from cubic to orthorhombic phase. This change in symmetry results in the reduced overlap between ns orbitals of B atom and mp orbitals of X atom forming the VBM [START_REF] Meloni | Valence and conduction band tuning in halide perovskites for solar cell applications[END_REF]. In the cubic phase, the mp orbitals of X are aligned along the B-X bond. The nature of alignment gets worse for tetragonal and orthorhombic phases. For the cubic system, the size of the A cation affects the lattice parameter, which, in its turn, affects the B-ns/X-mp orbital overlap. However, Chapter 3. Modelling of organic/inorganic halide perovskites: bulk and surfaces 42 for tetragonal and orthorhombic systems, the size of the cation and the tilting angles influence the overlap of B-ns/X-mp orbitals.

From the Figure 3.6, CsPbX 3 perovskites (cubic phase), MAPI (rhombohedral phase) and FAPI (orthorhombic) show a direct bandgap at R ( 1 2 1 2 1 2 ) point of the Brillouin zone.

Surfaces of perovskites

In order to study adsorption from first principles, a practical model of the crystal surface has to be first created for the calculation. Two surfaces simultaneously can be generated by cutting a crystal along a crystallographic plane, moving the pieces apart while maintaining periodic boundary conditions in all three directions. The thickness of the repeated layer (slab) between the two surfaces and the thickness of the "vacuum gap" added on separating the surfaces, as well as the shape of the lateral (two-dimensional) unit cell in the plane parallel to the surface, can be freely chosen.

One can underline an essential technical difference between methods that use plane waves as basis functions and those which rely on atom-centred localised functions. In the first case, the number of basis functions and hence the computational load increases with the size of the unit cell, be it filled with atoms or remain empty. In the second case, to which namely belong the use of the CRYSTAL code, only the number of actually present atoms matters, whereas the size of the unit cell as such is not of immediate importance. As the slab geometry implies periodicity also in the direction perpendicular to the surface and hence a possibility of a spurious interaction of atoms across the vacuum gap, the interest of minimising this effect demands to increase the vacuum gap. Since Gaussian-type functions have an infinite extension (even if they are well localised), their overlap across the vacuum gap is always technically present.

A sufficient length of the vacuum gap should be chosen at which this interaction could be considered negligible. In our calculation, the interlayer distance between the two periodically separated slabs in the direction normal to the surface is technically set to 500 Å.

Thickness of CsPbX 3 slabs

In the study of CsPbX 3 perovskites, the (001) surface has been considered which offers two types of termination: CsX and PbX 2 . Both being saturated concerning the formal valence of the constituents, the slabs are not stoichiometric as a whole. To avoid spurious polarisation across the slab, the symmetry of the slab concerning its median layer is maintained. To ensure that the the thickness of the slab be sufficient, the formation energies have been calculated for a different number of layers in the slab. Note that we are not interested in calculating the absolute formation energy of slabs, to which there would be conceptual obstacles, but rather try to control the convergence of results as a function of the slab thickness, in view of getting results relatively independent on the latter.

The slabs so formed are non-stoichiometric. To calculate the formation energy, the energy of the slab formation is added with the energy of the cubic bulk CsX/PbX 2 (depending on the termination) to make the slab stoichiometric. The sum of energy obtained is subtracted from the number (n) of bulk CsPbX 3 units, the reference system in our case. The formation energy for CsX and PbX 2 terminated structures are given as:

E slab form = E slab CsPbX 3 + E bulk CsX -nE bulk CsPbX 3 , (for PbX 2 termination) (3.1a) E slab form = E slab CsPbX 3 + E bulk PbX 2 -nE bulk CsPbX 3 , (for CsX termination) (3.1b)
where n is the number of bulk CsPbX 3 , E bulk CsPbX 3 is the energy of bulk CsPbX 3 , E bulk CsX is the energy of bulk CsX and E bulk PbX 2 is the energy of bulk PbX 2 . The formula works as follows, taking the results shown in Figure . 3.7 as an example. In case of CsBr termination, the (non-stoichiometric) slab consists of 11 layers and contains 27 atoms.

E slab

CsPbX 3 is the energy of the slab. To restore the stoichiometricity, an additional PbBr 2 FIGURE 3.7: Formation energy of CsBr and PbBr 2 terminated structure plotted against the number of layers of slab. See text for details.

unit will be required. To make the necessary correction, the total energy is added corresponding to a formula unit of bulk cubic PbBr 2 (E bulk PbX 2 ). The total energy of the thus "constructed" stoichiometric slab (Cs 6 Pb 6 Br 18 ) is subtracted from 6×E bulk CsPbX 3 to calculate the formation energy of the slab. [START_REF] Eglitis | Ab initio calculations of BaT iO 3 and P bT iO 3 (001) and (011) surface structures[END_REF] suggested a method for the calculation of formation energy of the slabs. The reference system (bulk) adopted in their work and our work is similar, but the calculation of formation energy of the slab is different (see [START_REF] Eglitis | Ab initio calculations of BaT iO 3 and P bT iO 3 (001) and (011) surface structures[END_REF] for details). The conceptual problem of calculating the surface formation energy of a compound like a present one is that every cut along with a (001) plane would create two different surfaces simultaneously, and the energy attributed to one or the other type of surface cannot be specified without ambiguity. In our method of calculating the formation energy of the slab, the source of such ambiguity is a a procedure of "merging" the slab total energies with those from bulk CsX or PbX 2 types.

However, this helps to recover the "reasonable" / comparable orders of magnitude for the surface formation energies to discuss them on equal footing. Moreover, as indicated above, the absolute energy values are not our primary interest, but their convergence is important, and the latter depends on the slab thickness.

In Figure 3.7, for CsX and PbX 2 terminated structures, the formation energy of the slabs is plotted against the thickness of the slab. The convergence of formation energy stabilises within the limit of 0.001 eV. For each termination, 11 layer slabs were sufficiently thick to be proceeded to the next step to study adsorption.

Thickness of FAPI slabs

In the case of FAPI, 2-D slabs are created by cutting the crystal along (100), ( 001) and (010) planes for cubic and tetragonal phases. Sufficiently thick slabs are needed for carrying out adsorption; for this reason, the slabs were created of different thicknesses, and the formation energy of each slab (orthorhombic phase) is calculated using the same formula mentioned in the equation 3.1.

For different terminations, the formation energies of slabs are plotted against the layer thickness of the slab (see Figure 3.8). For the (001) slab, the formation energy stabilises up to 0.001 eV after 11 layers of thickness for both FAI and PbI 2 terminations.

For (010) surface, convergence is reached after 15 layers for both types of termination with an accuracy of 0.001 eV.

As discussed before, the dynamics of the FA molecule influences the electronic structure of the halide perovskite [START_REF] Carignano | A close examination of the structure and dynamics of HC(NH 2 ) 2 PbI 3 by MD simulations and group theory[END_REF][START_REF] Maheshwari | The relation between rotational dynamics of the organic cation and phase transitions in hybrid halide perovskites[END_REF]. The reason for an ominous convergence of energy of (100) slab is linked to the dynamics of the FA molecule. In the first two cases, those of the ( 001) and ( 010 plane of the perovskite cage, and hence is only slightly shifted within this plane in the course of relaxation. However, in the third case, that of the (100) surface, there was neither physical justification nor technical possibility to keep the plane of the molecule parallel to the slab surface when going from layer to layer into the depth. And further on, the resulting big variations in the molecule's orientation from layer to layer, and consequently in the molecule's placement within the cage formed by PbI units led to considerable variations of the total energy, to the extent that the latter, taken as a function of the slab thickness, did not converge, up to the maximal number of layers in the slab we considered. On removing the symmetry constraints, the FA molecule is free to rotate as suggested in [START_REF] Maheshwari | The relation between rotational dynamics of the organic cation and phase transitions in hybrid halide perovskites[END_REF]. For the (100) surface, more study is needed to understand the issue.

Perfect CsPbX 3 surface for adsorption

Once the issue of the necessary thickness of the slab is settled for CsPbX 3 surfaces, we recall that the essential priority of the present study is the simulation of molecules adsorbed on the surface. As this should be compatible with periodic boundary conditions within the surface plane, the choice has to be done of the lateral size and shape of the supercell that would keep the adsorbed molecules (one per supercell) far enough from each other. In principle, the study of an adsorbed molecule would be best done on supercells of infinitely large lateral size, employing, e.g., a Green's function technique in order to treat a local perturbation over an infinite system. In practical terms, however, one uses periodic boundary conditions, and the lateral supercell size is subject to tests, performed on supercells of gradually increasing size: the properties which are of interest, such as the adsorption energy, must be well converged (to the accuracy which is meaningful) as a function of the supercell size before the latter becomes prohibitively large. Supercells of different size were generated by choosing gradually increasing in-plane translation vectors, ranging from ( √ 2× √ 2) to (4×4). To estimate the appropriate size of the k-points mesh, adsorption energy (discussed later) of the surface is calculated against varying k-points for each surface, and the total energy stabilises to 0.0001 eV with the k-points mesh of 6×6.
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2x = ( √ 2× √ 2) 4x = (2×2) 8x = (2 √ 2×2 √ 2) 9x = (3×3) 10x = ( √ 10× √ 10) 13x = ( √ 13× √ 13) 16x = (4×4)
A-atom B-atom X-atom in the AX-plane X-atom in the BX 2 -plane FIGURE 3.9: Supercells of different sizes with the A-atoms at the origin.

Reconstruction in CsPbX 3 perovskite

To analyze the free surface, the idea is to systematically increase the size: Chapter 3. Modelling of organic/inorganic halide perovskites: bulk and surfaces 49

( √ 2× √ 2), (2×2), (2 √ 2×2 √ 2), ( 3×3 
As discussed before, bulk CsPbX 3 type perovskites possess instabilities at the high symmetry points in the Brillouin zone. So, for the surface, following an initial relaxation of each supercell within its respective symmetry constraints, the calculation of Γ phonons (of the respective supercell, which mapped different q values of the underlying "perfect" surface Brillouin zone) were done.

The symmetry constraints for the structure relaxation were correspondingly reduced, and the structure optimisation was redone to enable displacements to resolve the instability. From Figure 3.10, a noticeable relaxation, including the in-plane displacement, evolved already at clean surfaces, as a result of lowering of symmetry, after which the lattice parameter is no longer fixed. In the present study, the symmetry group corresponding to the orthorhombic structure is considered for re-optimisation, which is more stable than the tetragonal structure. The flow chart of the optimisation scheme followed in this work is illustrated in Figure 3.11.

The surface structures (with reduced symmetry) which emerge from the clean surface relaxation, the top of the surface appears to be "reconstructed" and the local environment within the upper layer of the slab is modified. Different sizes of the supercells showed different "reconstruction" patterns (see Figure 3.10). (3×3) reconstructed surface of CsPbX 3 is sufficient to provide distance between adsorbed molecules and their periodic images and hence chosen to study reconstruction followed by adsorption of molecules (discussed in Chapter 4) in the present work.

The Figure 3.12 and Table 3.4 summarize the main characteristics of the reconstructed surfaces for both terminations.

The modifications of the in-plane lattice parameters are about 0.2% and 1% with respect to those in the 1×1 tetragonal slabs for CsPb(Cl/Br) 3 and CsPbI 3 , respectively; Two types of deformation can characterise the atomic structure:

(1) The variations of interlayer distances;

(2) The in-plane displacements of atoms and the warpings of atomic planes linked to the tiltings and deformations of vertices-coupled PbX 6 octahedra (see Figure 3.12, side view of the relaxed slabs). These atomic relaxations gave rise to variation in layer thickness, referred to as the layer width.

The consecutive interlayer distances between the top and the median planes of the slab along with the width of each layer are listed in Table 3.4 and illustrated by the Figure 3.14. Whatever the surface, the range of the different atomic relaxations increases with the increasing lattice parameter from CsPbCl 3 , CsPbBr 3 to CsPbI 3 due to the steric effect.
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In what concerns the evolution of interlayer distances into the depth, the relaxation was accompanied by a considerable warping of CsX and PbX 2 atomic layers within the supercells. The values in the depth of the slab are gradually approaching those of perfect bulk perovskites. Whatever the compounds and termination of the surfaces, the perturbations of the interlayer distance (concerning the perovskite structure, see Table 3.4) are most prominent for the first layer (around 15%) and are reduced towards the interior of the slab to come down to a variation of 0.5% by an alternate increase and decrease in the interlayer distance. Apart from this, the relaxation pattern in the interior of the slabs reveals the tiltings and deformations of PbX 6 octahedra (see Figure 3.12); as the octahedra are cornercoupled, their tiltings propagate in "waves". In the periodic directions, due to the choice of the 3×3 supercell, these "waves" are artificially confined, whereas, throughout the slab, they can freely evolve. Consequently, the variations of thickness of the PbX 2 layers are more potent than for the CsX layers, whatever the compounds and the termination. It turns out that the surfaces with PbX 2 and CsX terminations exhibit two different types of reconstruction.

MAPI surfaces for adsorption

(001) and ( 110) surfaces with MAI, and PbI 2 terminations are simulated using the bulk structures. The slabs thus cut out of the orthorhombic phase possess 16 operations of symmetry. The in-plane lateral sizes of the supercells, in terms of the bulk unit cells, are (2×2) [START_REF] Baranek | Private communication[END_REF]. The in-plane dimensions of the (2x2) supercell of MAPI are very close to those of the (3×3) supercell of CsPbX 3 . A small in-plane multiplication factor in the construction of slab supercells puts limitations on the tilting patterns which may come about on the surfaces. Namely, these patterns ought to be commensurate with the surface supercell. A more sophisticated reconstructions on the surface, like those discussed above in relation with CsPbX 3 perovskites, did not occur therefore in calculations with MAPI.

The interlayer distances for MAPI (001) and ( 110) surfaces for both MAI and PbI 2 terminations are shown in the table 3.5.

In order to express interlayer distances, we need to refer to the sequence of PbX 2 / (cation)-X layers. In CsPbX 3 , the z-position of a CsX layer was expressed as the average z coordinate of all atoms belonging to it. In the case of MAPI, however, it is problematic to pinpoint the "position" of the large enough molecule, so it was neglected, and only the z coordinates of I atoms in this layer were taken into account to identify this layer's position. The variation in the interlayer distance for the (001) surface of MAPI is similar to that of its CsPbX 3 counterpart. The interlayer distance is larger for MAPI (001) surface from the top to the centre of the surface as compared to that of the CsPbX 3 surface because of relatively larger lattice parameter of MAPI. For (110) surface, the change in interlayer distance varies as around 16% for the top and, gradually approaching the slab's interior, the change in the interlayer distance goes down to 8%. 

Vacancy defects on CsPbX 3 surface

As discussed in Chapter 1, perovskites are prone to form point defects, e.g. vacancies or interstitials. In the present study, only the vacancy defects are focused on. In organic halide perovskites, halide ion vacancies are more likely to be formed in comparison to the cation vacancies [START_REF] Eames | Ionic transport in hybrid lead iodide perovskite solar cells[END_REF]. The halogen vacancies are attracted by grain boundaries and the surfaces. So, these point defects are most likely to be present as the local imperfections at the surface of perovskites [START_REF] Lei | influence, and countermeasures of defects in perovskite solar cells[END_REF]. The halogen vacancies are known to exist either in neutral, or in charged state.

Upon removing an atom, the vacancy may remain neutral or acquire a charge due to redistribution of electron density within an extensive system of the slab. From the point of view of calculation, the neutral and charged vacancies may correspond to distinct metastable situations; into each of them the system can be intentionally "forced" and then left to evolve towards a possible stabilisation in the course of relaxation. As the periodic crystal as a whole, and the supercell under study in particular, cannot but remain neutral (for physical and technical reasons), the difference between"neutral" and "charged" scenarios for the vacancy amounts to specifying, in the latter case, the charge compensation mechanism -either on a short range (possibly, including another charge-compensation defect), or on a long range, whereby no specific microscopic compensation is explicitly built in, but the charge compensation is assured by adjusting the background charge over the supercell. In this work, charged and neutral halide vacancies are modelled on the surfaces of inorganic halide perovskites. In the framework of the Gaussian-type basis sets, the modelling of charged or neutral defects is relatively easy to implement : As the starting point of the SCF cycles, the electronic re-partition is given for each atomic orbital; then, for each atom, it is possible to choose between their fundamental neutral configuration or their ionic configuration. For instance, for CsPbX 3 , the neutral system can be initially prepared in (at least) two ways, either with Cs 0 , Pb 0 and X 0 , or with Cs + , Pb 2+ and I -for the neutral and ionic configurations, respectively.

The simulation of a charged vacancy, say following a removal of I -, imposes, in technical terms, adding a uniform (negative) charge density in the background. In Chapter 3. Modelling of organic/inorganic halide perovskites: bulk and surfaces 57 CRYSTAL17, this does not bring about any modification in the simulation, as the Ewald technique [START_REF] Kolafa | Cutoff errors in the Ewald summation formulae for point charge systems[END_REF]] is adopted for the treatment of long-range Coulomb terms, see [START_REF] Dovesi | CRYSTAL17 User's Manual[END_REF] for details) to ensure the charge neutrality. For practical reasons, namely for avoiding the convergence issues, the halide vacancies expected to be charged were created in the simulations by pairs at opposite surfaces of a slab. As mentioned before, the CsX terminated structure has 243 atoms, while the PbX 2 terminated structure has 252 atoms. Upon creating a charged vacancy, the surface has 241 and 250 atoms for CsX and PbX 2 terminated structures, respectively.

The formation of charge vacancy can be described by the equation:

CsPbX 3 --→ CsPbX 2 + + X -. (3.2)
For the neutral anion defect, the starting electronic re-partition for the perfect surface is Cs 0 , Pb 0 and I 0 . So, when the I 0 is removed, the system stays neutral. The basis set and the electrons of one Iodine have been removed. It is essential to perform this calculation in spin-polarised mode in order to anticipate and correctly describe the situation in which an unpaired electron (present after a halogen atom with its odd number of electrons is removed) would reside on one of the neighbouring Pb atoms.

Such localisation of spin on a Pb atom indeed occurs and is visible in spin density maps that are shown in Figure 3.15. Upon creating a neutral vacancy, the number of atoms in CsX and PbX 2 terminated surfaces are 242 and 251, respectively. The formation of neutral vacancy can be described by the equation:

CsPbX 3 --→ CsPb ↑ X 2 + X . (3.3)
All the vacancies are created on the already reconstructed surface. Chapter 3. Modelling of organic/inorganic halide perovskites: bulk and surfaces 58

The formation energy for charged vacancy is given by the following expression:

E vac = E slab -E slab with defect -E mol X 2 ± q × E f , (3.4)
where q=+2 for charged vacancy (two positive charged vacancies, added at both sides of the slab). E f is the Fermi energy. The formation energy so obtained is for two charged vacancies and is further divided by 2 to obtain the formation energy of one charged vacancy.

The formation energy for neutral vacancy is described as:

E vac = E slab -E slab with defect -n × E mol X 2 , (3.5) 
where n = 1/2 as only one atom is removed.

Table 3.6 shows the vacancy formation energy for CsPbX 3 surface for CsX and PbX 2 terminated structures. Charged vacancies are more likely to be formed on whatever be the surface and surface termination. CsPbI 3 surface shows the lowest vacancy formation energy for both types of termination. While for the case of neutral vacancy, the CsPbCl 3 surface shows the lowest vacancy formation energy (for both types of termination) that may be related to chlorine being more ionic than the heavier halogens.

With the introduction of the charged or neutral vacancy on the surface, the relaxation pattern of the surface did not show any drastic change for all three compounds. The relaxation pattern remains similar to that of the perfect surface. The tables of interlayer relaxations are included in the Appendices A.6 and A.7.

In this chapter, we modelled the bulk and surfaces of organic and inorganic halide Chapter 3. Modelling of organic/inorganic halide perovskites: bulk and surfaces 60 perovskites with our optimised hybrid functional approach. For the inorganic halide perovskite, halide vacancy defects were introduced. The surfaces modelled in this chapter are further used to carry out adsorption of molecules which is part of the coming chapters.

Chapter 4

Adsorption on inorganic halide perovskites

This chapter addresses the issue of degradation of halide perovskites under the influence of molecules (water, oxygen, carbon dioxide and carbon monoxide) adsorbed at the surface. The role of water is studied only on the CsPbX 3 surface with defects, as the issue of water on the perfect surface is being specially studied by [START_REF] Baranek | Private communication[END_REF]. The adsorption of molecules should simulate the effect of ambient conditions to which the perovskites are unusually exposed, and the effect of degradation of perovskites can be studied under these conditions.

The adsorption is simulated in the calculations by placing one molecule per supercell (of sufficient lateral size) over a clean surface represented by a slab, which probably underwent a relaxation. Important points to discuss in this relation are the supercell size (the stability and convergence of results in the course of gradually increasing the latter), the choice of initial docking position of the molecule, and the initial orientation of the molecule. In the ideal case, concerning two latter factors, reasonable good statistics have to be collected in order to be able to make reliable conclusions.

The adsorption energy is calculated as:

E ads = E molecule/surface -E surface + E molecule . (4.1)

Understanding the issues of convergence of adsorption energy

To study the issue of convergence, the logical way to start is to freeze the atoms of the surface and place the molecule at different heights over the surface in a series of single-point calculations to obtain the potential energy (PE) curve. Such PE curve (see relaxation around the impurity (e.g., an adsorbed molecule) shell by shell, from the closest to more distant ones. Obviously, the number of "relaxable" more distant atoms increase with supercell size.

In the following, a sequence of lateral supercells of gradually increasing size is considered for CsX terminated structures. In fact, the molecule is placed over the A atom, i.e. Cs in this case. The supercells considered assume that the (quadratic, in two dimensions ) point group symmetry is preserved around the sites in question. These situations are not exclusive since the molecule might be adsorbed not necessarily atop the A site; it can be rotated or tilted to the surface, effectively destroying any nominal symmetry. However, we consider the idealised symmetric cases useful for studying size convergence issues. The systematic approach helps to achieve controllable convergence of the sizedependent properties are described as follows:

The "shells of neighbours" for the adsorbed molecule (i.e., atoms situated at a given distance from the [001] axis pinpointing the adsorbed molecule) will be released for relaxation one by one. For example, the four X B atoms, situated at the lateral distance 1 2 from the A atom, are the only relaxable atoms in the 2× supercell (see Table 4.1), but they are merely the most inner ones among a longer list of neighbours in 4×, 8× etc.

supercells. In these larger supercells, the more distant neighbours than these X B at the 1 2 lateral distance will be fixed, and the trends (e.g., adsorption energy) are analysed, TABLE 4.1: Atom positions in the supercells organized around the A atom at (0 0), in terms of nominal in-plane perovskite lattice parameter. z = 0 and z = 1 2 mark coordinates within two consecutive planes, AX A and B(X B ) 2 , repeated into the depth by steps z = 1. The last column shows the lateral distance of each atom to the origin (irrespective of the z-value) for the non relaxed lattice, so that the "relaxable" atoms are ordered as their distances from (0, 0) increase. cell in-plane translation vectors atoms fixed atoms free to relax ideal lateral distance 1×

(1 0), (0 1)

1A (0 0 0) 1X A ( 1 2 1 2 0) 1B ( 1 2 1 2 1 2 ) 2X B ( 1 2 0 1 2 ), (0 1 2 1 2 ) none 2×
(1 1), (1 1)

1A (0 0 0) 1A (1 0 0) 2X A ( 1 2 ± 1 2 0) 2B ( 1 2 ± 1 2 1 2 ) 4X B ±x 0 1 2 , 0 ±x 1 2 [x ≈ 1 2 ] 1 2 4× (2 0), (0 2) 1A (0 0 0) 2A (1 0 0), (0 1 0) 1A (1 1 0) 4X B ±x 0 1 2 , 0 ±x 1 2 [x ≈ 1 2 ] 1 2 4B ±x ±x 1 2 [x ≈ 1 2 ] √ 2 2 4X A (±x ±x 0) [x ≈ 1 2 ] √ 2 2 4X B 1 ±x 1 2 , ±x 1 1 2 [x ≈ 1 2 ] √ 5 2

8×

(2 2), (2 2)

1A (0 0 0) 2A (1 ±1 0) 1A (2 0 0) 4X B ±x 0 1 2 , 0 ±x 1 2 [x ≈ 1 2 ] 1 2 4B ±x ±x 1 2 [x ≈ 1 2 ] √ 2 2 4X A (±x ±x 0) [x ≈ 1 2 ] √ 2 2 4A (±x 0 0), (0 ±x 0) [x ≈ 1] 1 8X B ±x ±y 1 2 , ±y ±x 1 2 [x≈1, y≈ 1 2 ] √ 5 2 4X B ±x 0 1 2 , 0 ±x 1 2 [x ≈ 3 2 ] 3 2 4B 2±x ±x 1 2 [x ≈ 1 2 ] √ 10 2 4X A (2±x ±x 0) [x ≈ 1 2 ] √ 10 2
depending on the supercell size. Then, the four B neighbours at the lateral distance

√ 2 2
will be added, starting from the 4× supercell onward towards larger cells, and so on.

The convergence with the supercell size is achieved fast enough. This procedure helps to understand the two issues:

(i) the supercell size necessary to simulate the adsorption of a supposedly isolated molecule in a calculation with periodic boundary conditions, (ii) the physically important range of perturbations (at the surface and into the depth) induced by the adsorbed molecule at the perovskite surface.

The test also helped to understand the relaxation patterns around the landing point of the molecule; at the same time, one cannot a priori exclude long-range tilting deformations, to which perovskite materials are notorious, to develop at the surface. Certain small supercells may be commensurate with such tiltings (e.g., the 4× supercell would permit to accommodate a SrTiO 3 -like antiferrodistortive deformation) whereas the others not (see fig 3.10). However, in order to accommodate such distortion, the 2-dimensional supercell must have lower symmetry than that of the square lattice. In general, the larger the supercell, the more sophisticated "deformation wave" it can accommodate. However, the fact that the supercell symmetry may differ from one supercell to another, -e.g., the (010) and other mirror planes of 9× in Fig. 3.9 are no more there in 10×, -is at the origin of numerical "noise" in an attempt to attain convergence.

The situation may somehow resemble a conditionally converging series whose direct summation is, in principle, possible, under imposing some constraints (an example: a direct summation of the Madelung potential over charge-neutral shells of increasing radii).

The adsorption energy of CO 2 as calculated while gradually including controlled relaxation within different shells against the increasing supercell size is shown in Figure 4.2. As described above, while following the controlled relaxation, the adsorption energy for supercells with gradually increasing sizes reached convergence with an accuracy of 0.003 eV after 9x surface (3×3). This confirms that the adsorbed molecule does not bring drastic change on top of the surface and into the depth. However, the adsorption energy starts to wiggle when going further down the surface and allowing unconstrained relaxation. The possible reason is the octahedral tilting which the perovskites are well known for [START_REF] Yang | Spontaneous octahedral tilting in the cubic inorganic cesium halide perovskites CsSnX 3 and CsPbX 3 (X = F, Cl, Br, I)[END_REF].

The reconstruction on (001) CsPbX 3 surfaces occurs so that the CsX terminations yield multiple structurally inequivalent sites for the adsorption of molecules, marked by distinct relaxation patterns around them. On the PbX 2 terminated surfaces, on the contrary, the surface reconstruction is much more uniform, so that only one potential site is identified as a distinct one for the adsorption.

Adsorption of molecules on perfect CsPbX 3 surfaces

One should have in mind that different sizes of supercell will show different reconstruction patterns because the large size of the supercell can accommodate the in-plane tiltings, which become incommensurate with the imposed periodicity that is generally blocked in a small-size supercell. In the present work, adsorption on CsPbX 3 surface is carried out on the 9x surface or (3×3) supercell, sufficient to provide distance between adsorbed molecules in their subsequent study.

The free (001) surfaces of perovskites with different termination and corresponding reconstruction patterns were then inspected in the context of their interaction with O 2 , CO and CO 2 molecules, simulating in this way the modification in the surface under atmospheric conditions. The adsorption sites in the 3×3 supercell for both terminations have been distinguished through their numbering, mentioned in the previous chapter and elucidated in Appendix.

In the case of the PbX 2 termination slab, since all Pb sites can be considered equiv- The multitude of trails departing from various starting (docking) positions ended up in just a few markedly distinct final configurations. The scattering of the adsorption energies between different realisations of each given configuration can be hereby considered as being within the "calculation noise". For reference purposes, the detailed data on the adsorption results stemming from different surface sites are given in the Tables A.3 through A.5 of the Appendix. In the following discussion, however, we concentrate on the "final" adsorption configurations.

Adsorption on CsX-terminated surfaces

Notwithstanding the diversity of relaxation starting positions and paths, for all the three halides inspected, all the adsorbed molecules get stabilised in a position nearly parallel to the surface, over a "hole" marked by a dashed square in 4.2. One can distinguish between "low" and "high" settings of the adsorbed molecule, markedly different in the distances to the underlying halogen atom of the subsurface layer, indicated as X -1 in Figure 4.4 and Table 4.2. Both these settings, marked CsX-l and CsX-h, correspondingly, in Table 4.2, are stable in the sense that they correspond to the total energy minimum. The "low" setting is characterised by a stronger pushing apart the Cs and X atoms in the surface layer, as is evidenced by larger values of Cs-Cs and X 0 -X 0 distances in Table 4.2, as compared to those in the "high" setting.

Table 4.2 reveals the trend which holds for all X halogens: the adsorption energies of CO 2 are larger (in absolute value) than CO than O 2 . As a priori expected, the importance of the E BSSE correction decreases with the increasing distance between the molecules and its first neighbours at the surfaces, as the data on C illustrate it-X -1 and O-X -1 : E BSSE is larger for CO than for CO 2 than for O 2 .

In any case, BSSE correction represents a non-negligible contribution to E ads : with BSSE, E ads becomes more negative, i.e., the interaction of molecules with the surfaces is stronger. For instance, not taking into account the BSSE, CO shows higher interaction with the surfaces than CO 2 .

Except for CO, the molecules show stronger interaction with the CsPbI 3 surfaces than with CsPbCl 3 and CsPbBr 3 . This can be traced to larger atomic relaxation in a material with a larger lattice parameter. The adsorption energies of CO at different surfaces are very close.

It seems that, whatever the molecules and surfaces, the sites with "low" setting are energetically more favourable than the sites with "high" settings.

The CO molecule always "comes to rest" hanging over a "hole" in the CsX layer, on top of a halogen atom from the underlying PbX 2 layer (X -1 , in Figure 4.4a), anchored between two Cs atoms along the molecule's axis (so that respective Cs-C and Cs-O distances are roughly the same, within ∼10%) and between the X 0 atoms (see Figure 4.4a). In the other case of "high" setting, the positioning of the Cs-Cs and the X-X distances in the upper layer remain roughly the same as in an unperturbed crystal, and the molecule places itself at the half of the lattice constant above the CsX layer.

By comparison, the "low" setting allows larger atomic relaxations of the anchoring The situation is the same for CO 2 . The carbon dioxide molecule ended up in asymmetric horizontal orientation, similarly to CO bridging two adjacent top-layer Cs sites while hanging over the halogen atom of the underlying PbX 2 layer (cf. Figure 4.4b). As for CO, the "low" setting configurations bring about larger atomic relaxations around the molecules than the "high" setting ones, thus stabilising the molecule at the surface.
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The O 2 molecule stabilizes itself in a similar configuration over the CsX surfaces (cf. Figure 4.4c). Remarkably, E ads for CsPbI 3 is three times larger than for CsPbCl 3 and CsPbBr 3 . Similarly as for the other molecules, the "low" settings induce larger atomic relaxations around the molecules.

To conclude, one should keep in mind that the adsorbed molecules, along with their underlying fragment of surface, find themselves in thermal vibrations, not grasped by the present static simulation. The zero-point energies of vibrations according to the highest modes of CO, CO 2 and O 2 (2102 cm -1 , 2349 cm -1 and 2061 cm -1 , respectively) are 0.13 eV, 0.15 eV and 0.10 eV, respectively (the vibration of adsorbed molecules is slightly different from the isolated ones, the chemical shift being less than 100 cm -1 ).

It means that the only molecule about which one can reliably conclude that it tends to be adsorbed on the CsX surfaces is CO 2 , whereas for the other two the adsorbed state might be dynamically unstable.

Adsorption on PbX 2 -terminated surfaces

Similarly to how it was done above for the CsX-terminated surfaces, The adsorption energies in Table 4.3 show that, for all materials, CO 2 and CO exhibit comparable interaction with the surfaces, exceeding that of O 2 . As was already mentioned for the Cs-X terminated slabs, the BSSE correction was necessary, sometimes achieving the same size as the energy itself (for CO or over iodides). Neglecting it would have, therefore, completely distorted the trends.

Summarising this part, the adsorption energies of CO and O 2 with the PbX 2 -terminated surfaces are comparable to their counterparts for CsX-terminated surfaces. In contrast, the adsorption energy for CO 2 on PbX 2 is roughly two times weaker than on CsX. This strengthens the observation done in the previous section concerning the comparison of these adsorption energies with the zero-point energies of the highest vibration modes of CO, CO 2 and O 2 . From this comparison, none of these molecules can be adsorbed to be dynamically stable at the surface.

Since the adsorption of molecules was not so pronounced on these perfect CsPbX 3 surfaces, it is interesting to observe a similar effect on CsPbX 3 surfaces with defects. -0.12 -0.17 -0.16 -0.18 -0.15 -0.11 -0.03 -0.05 0.02 E BSSE -0.16 -0.16 -0.19 -0.05 -0.05 -0.14 -0.02 -0.01 -0.13 

CO CO

2 O 2 case (a) case (b) case (c) case (d) distance X = Cl X = Br X =I X = Cl X = Br X = I X = Cl X = Br X = I Pb-C 2.
Pb-Cs O-X 0 X 0 -X 0 ❳ ✵ C-X 0 Cs-O Pb-C ❈❖ ✷ ✁ ✂✄☎✆✝ ✞✟✁ ✂✄☎✆✝ ✠✡ ✵ ⑤⑤ ☛☞☞✌✍ ❳ ✵ ❳ ✎✏ ❳ ✲✑ ✠✡ t✒✓ ✔✕✖✗ ✎✏ s✕✘✖ ✔✕✖✗ (b) C-X 0 Pb-O Pb-O ✙✚ ✛ ✜ ✢✣✤ ✥✦✧★✩ Pb-Pb ✪✫ ✪✫ ✪✫ ✬✭✮ ✯✰✱✳ ✴✴ ✶✸✹✸✺ ✻ ✼✰✽✱ ✯✰✱✳ ✪✫ ✾ ✾ ✻ (a) Pb-O O-X 0 ✿ ❀ Pb -X 0 ❁ ❂❃❄ ❅❆❇❉❊ ❋• ❍ ■ ❍ ❏❑▲ ▼◆◗| ■ ❙❙ ❚❯❱❯❲ (◆)◗ ▼◆◗| ❋• (c) Pb-Cs O-X 0 Cs-O X 0 -X 0 Pb-O ❬ ❭ ()❴ ❵❛❜❝❞ ❡ ❢❣❴ ❵❛❜❝❞ ❤ ✐ •❦ •♠ ❭ ❬ ♥♥ ♦♣♣qr •❦ ❬ ❭ ✉✈ ❬ ✇①② ③④⑥⑦ ✉✈ ⑧④⑨⑥ ③④⑥⑦ (d)

Adsorption on CsPbX 3 surfaces with vacancy defect

In the following, we attempt to simulate how such imperfections as vacancies defects on the surface may affect the adsorption of molecules.

For the (001) reconstructed surface of perovskites with different terminations, corresponding sites for halide vacancy were then inspected to study the interaction of O 2 , H 2 O, CO and CO 2 molecules. The sites for creating vacancies in the 3×3 supercell are again distinguished through numbering and are well discussed in Appendix. For CsX termination, different sites for creating charged and neutral vacancies were inspected due to the reconstruction of the CsX terminated surface. In the case of PbX 2 termination, no significant reconstruction is observed; hence all the halide sites are considered equivalent, and just one site has been explored. The details of vacancy creation are discussed in detail in Chapter 3. Following the trend from the perfect surface, the molecules are always introduced on the upper layer of the surface over the vacancy.

The symmetry constraints are removed entirely, and the system is fully optimised. The molecules change the orientation and stay hanged over the vacancy.

For the different sites of vacancy, the final configurations of molecules are approximately the same for a similar type of vacancy with minor fluctuations in the adsorption energies, which can be again due to the "calculation noise" likewise as in the case of a perfect surface. The details of different sites of adsorption are given in the Tables A.9

through A.12.

Adsorption on CsX terminated surfaces

In principle, charged and neutral vacancies exhibit a variety of "docking positions".

An inspection of relaxed geometries throughout different trial adsorption sites and halogen species X permits however to single out just several "scenarios" of adsorption, which differ only in interatomic distances. In Table 4.4, the adsorption energy is reported for sites with high adsorption energy (absolute value) and the vacancy sites are indicated as V-CsCl, V-CsBr, V-CsI for the surfaces CsPbCl 3 , CsPbBr 3 and CsPbI 3 respectively. For all the molecules, the charged defect does not make the adsorption of oxygen energetically favourable for all the surfaces. The adsorption energy is comparable to that at the perfect surface. H 2 O shows the highest adsorption energy for all the surfaces on the surfaces with charged vacancies. On CsPbI 3 surface, its adsorption energy is higher than on CsPbBr 3 and on CsPbCl 3 surfaces. This is due to the larger lattice parameter of CsPbI 3 allowing higher relaxations. H 2 O is followed by CO 2 in terms of adsorption energy, whereas O 2 has the lowest adsorption energy, as was the case for perfect surfaces.

Water can attack the perovskite in the dissociated state. This is modelled concerning the reaction of water on CsPbX 3 perovskite with charged vacancy. The corresponding reaction can be as follows:

CsPBX 3 + H 2 O --→ CsPbX 2 OH + HX . (4.2)
The OH fragment enters the vacancy site at the surface CsPbX 3 surface, the final configuration of the OH molecule staying in the same way (see Figure 4.7) as the O-H branch of the water molecule on the CsX surface when the vacancy is charged. The adsorption energy of the OH ion is -3.97 eV and -3.47 eV for CsPbBr 3 and CsPbCl 3 respectively. For the CsPbI 3 surface, the work is in progress. The adsorption energy of dissociated H 2 O specie indicates that the interaction of water molecules with the surface is enhanced when it attacks the perovskite in the dissociated state. In contrast, in the case of non-dissociated H 2 O molecule, the adsorption energy is lower and makes -0.77 and -0.80 eV respectively for CsPbCl 3 and CsPbBr 3 .

In case of neutral vacancies, the molecules dock themselves slightly deeper as compared to the cases of charged vacancy. In the case of neutral vacancy, the calculation is spin polarised. The magnetic moment is assigned to the Pb atom (to which the removed halide atom was bonded) as discussed in Chapter 3. The interaction of oxygen with the surface having neutral vacancy is increased due to the interaction between the unpaired electron of Pb and the unpaired oxygen electron. Considerably shorter Pb-O distances indicated in Table 4.4 for neutral vacancies, as compared to charged ones, reveal this enhanced Pb-O interaction. The oxygen molecule tends to align between the two Cs atoms in an inclined position. Distances between the lower O atom and the Pb atom of PbX 2 layer are listed in Table 4.4 for every adsorption site. In the final configuration, Pb loses its magnetic moment indicating stronger interaction of oxygen with the surface. However, for the cases of CO, CO 2 and H 2 O molecules, the Pb atom in the final configuration has a magnetic moment. For all the molecules, the adsorption energies on the surface with neutral vacancy are higher than that of the surface with charged vacancy. The adsorption energy of the O 2 molecule is the highest, followed by H 2 O, CO 2 and CO.

To better understand the delocalisation of charges, Mulliken population analysis indicating the overlap occupation values are shown in the Table 4.5. In the case of neutral vacancies, the overlap occupation values of Pb-O are higher than the charged ones. For the CO 2 molecule on surfaces with neutral vacancy, the overlap occupation value is over 0.08 between C and the neighbouring Pb atom and 0.06 for the two O of CO 2 molecule (for the independent CO 2 molecule, the overlap occupation value between O and C is 0.55). This indicates that the charges are redistributed between the CO 2 molecule and Pb atom. Also, for the case of O 2 and CO on surfaces with neutral vacancies, the charges are delocalised within O 2 and its neighbouring atoms.

To further investigate the bonding between the molecule and surface, the density of states of the pure surface and surface with the molecule is compared. This will be further discussed in the section on Electronic structures.

Adsorption on PbX 2 terminated surfaces

Unlike CsX termination, the PbX 2 termination provides only one site for vacancy creation. The molecules are introduced in the vacancy site. All trial molecules, initially placed at the vacancy site, remained their also following the full relaxation. They do not penetrate deeper into the lattice. In case of charged vacancy, the molecules hang between the two Pb atoms such that the O atom from CO 2 , H 2 O and O 2 and C atom 

Cs-C Cs-O C-Pb O-Pb O-C O-O O-H CO 2 molecule
Charged Vacancy Cl V-CsCl 0.00 0.002-0.002 0.001 0.006-0.000 0.498-0.469 0.082 Br V-CsBr 0.00 0.00-0.001 0.00 0.00-0.00 0.482-0.482 0.087 I V-CsI 0.00 0.008-0.008 0.00 0.001-0.001 0.542-0.542 0.090

Neutral Vacancy Cl V-CsCl 0.00 0.00-0.00 0.093 0.020-0.018 0.067-0.067 0.012 Br V-CsBr 0.00 0.00-0.00 0.092 0.020-0.019 0.066-0.066 0.012 I V-CsI 0.00 0.00-0.00 0.087 0.018-0.017 0.066-0.066 0 For the surface with vacancies, CsX terminated surfaces with neutral vacancy show higher adsorption energy than the PbX 2 terminated structures for all the molecules.

Oxygen has the highest adsorption energy for surface with neutral vacancy irrespective of the surface termination, while in what concerns the interaction with charged vacancies, H 2 O has the highest adsorption energy, whatever be the surface termination.

Summarising the findings on perfect surface and surface with a vacancy for CsPbX 3 compounds (see Table 4.9), it can be seen that upon addition of molecules at the surfaces with charged halide vacancy defect, there is no significant increase in the adsorption energy of molecules with CsX terminated structures. This implies that the molecules on the perfect surface and surface with charged vacancy weakly interact with the surface, and the interaction can be regarded as physisorption.

For PbX 2 terminated structures with charged vacancy, the increase in the adsorption energy of molecules is up to 80-90% in comparison to that of the perfect surface. The overlap occupation values in Table 4.6 indicate the charge transfer between the surface and molecule (Pb-O) is higher than that of the CsX terminated structure.

This suggests that the energetics of molecules on the PbX 2 terminated surface with a charged vacancy is enhanced in comparison to that of the molecule on the perfect surface.

For the case of surfaces with neutral vacancies, the adsorption energies of molecules show a significant increase as compared to that of surfaces with charged vacancy. The increase in adsorption energy is attributed to the fact that charge transfer occurs between the molecules and the surface as suggested by the Mulliken overlap occupation analysis (see Table 4.6 and 4.5). The interaction of molecule and surface, in this case, can be regarded as chemisorption.

Electronic structure resulting from the adsorption

Perfect CsPbX 3 surface

The previously discussed total energy trends come about via tiny modifications of the electronic structure of slabs and molecules in the process of adsorption. Figure 4.11 presents the total density of states (DOS) of the upper valence bands and lower conduction bands of the free and adsorbed whole perfect slabs of CsPbI 3 for both types of terminations. It summarises the general trend found for each system, and an immediate comparison can be made with recent simulations of CO 2 and CO on

CsPbBr 3 [START_REF] Tang | Design of doped cesium lead halide pervskite as photo-catalytic CO 2 reduction catalyst[END_REF], as well as of CO 2 and O 2 on CsPbI 3 [START_REF] Jiang | Air molecules in XPbI 3 (X=MA, FA, Cs) perovskites: A degradation mechanism based on first-principles[END_REF].

The introduction of the molecule on the perfect surface has no significant impact on the electronic structure of the surfaces, whatever the perovskites, types of surfaces and 

Neutral Vacancy

The bandgap of the surface remains unaffected upon the creation of neutral vacancies and the introduction of molecules on the surfaces with neutral vacancies. On adsorption of a H 2 O molecule, the DOS of the surface with neutral vacancy does not change much. Under adsorption of O 2 , however, the shift in the total DOS can be seen in The introduction of molecules on the surfaces of CsPbX 3 suggests that the damaging effect on the perfect surface is lower than at the surface with vacancy defects, particularly with neutral vacancy, which seems to be a rather hypothetical case. However, the issue of neutral vacancy cannot be neglected as there is a possibility that charged vacancy can become neutral.

Charged vacancy

Neutral Vacancy The adsorption energy of O 2 is roughly the same for all the MAPI surfaces (see Table 5.1) irrespective of the cutting plane orientation and the termination. Compared to the perfect and defective CsPbX 3 surfaces, the adsorption energy is almost three times lower (weaker). 

Adsorption of H

CH 3 NH 3 PbI 3 + H + OH ---→ CH 3 NH 3 PbI 3 HOH complex . ( 5 

Electronic structure resulting from adsorption

For the MAPI, the density of states (DOS) structure is created for the (001) surface with (MA)I and PbI 2 termination. In Figure 5.4, for MAI termination, the total DOS of the pure surface and surface with H 2 O and O 2 are similar, indicating that the molecular interaction on the surface is not significant. In case of O 2 adsorbed on the PbI 2terminated surface, one sees a little spike over the dominating DOS of the slab. Situated around 1.4 eV, this spike reveals a minority-spin level of oxygen around reveals a minority-spin level of oxygen which falls into the bandgap.

However, when the molecules are introduced in the dissociated form at the MAPI surface, the total DOS is shifted by 0.2 eV (see Figure 5.5), indicating the bond formation with dissociated species and the surface. When the inorganic cation Cs in CsPbX 3 is replaced by (MA) cation, the interaction (change in adsorption energy) of oxygen in the undissociated state did not bring a tremendous change . But when O 2 is introduced in the dissociated state on top of (MA)PI, the adsorption energy is higher as compared to that of the undissociated state.

Conclusions

This work focused on studying the bulk and surfaces of perovskites, under an angle of their degradation in ambient conditions. To this end, the interaction of molecules present in the air such as CO 2 , CO, O 2 and H 2 O with the surfaces of caesium and methylammonium-lead halides perovskites surfaces have been investigated at the first-principles level, aimed to understand and characterize the degradation in the performance of these perovskites for photovoltaic applications. A systematic study of the effects of molecules' adsorption on the electronic, structural and thermodynamic properties of CsPbX 3 (X = Cl, Br and I) and MAPI has been performed.

The calculations have been realized using a hybrid exchange-correlation functional combining Hartree-Fock exchange with PBEsol (for CsPbX 3 type perovskite) and PBE (for MAPI and FAPI) exchange-correlation, optimized to yield a qualitatively correct and quantitatively accurate description of the structural, electronic and dynamic properties, in agreement with experiment.

The simulation of clean surfaces (of perovskite slabs, with two different terminations), done as a preliminary step in the study of adsorption, resulted in conclusions that might be of their own interest, concerning the relaxation at the surface and the discrimination between possible adsorption sites, which revealed a manifestation of inherent dynamical instabilities frozen at the surface, within the cubic perovskite phase.

Such discrimination (creation of the sites of markedly different morphology) is much more pronounced at the CsX surface than at the PbX 2 one, the latter being more "regular" despite its considerable "warping".

For the surfaces of FAPI, the orientation of the FA molecule plays an essential role in defining the surface stability; further studies are needed in this regard.

The inclusion of vacancies at the perfect surfaces does not significantly change the relaxation pattern.

Regarding the energies and comparing the surfaces, CO 2 exhibits stronger adsorption on the CsX-terminated slabs than on the PbX 2 -terminated ones, whereas for CO and O 2 , the tendencies are comparable for both types of termination. Comparing the molecules on the CsX-terminated surfaces, CO 2 has more stronger interaction to the surface than CO and O 2 , which latter reveals the least appreciable adsorption energy among all molecules studied on complete (free of vacancies) surfaces. The adsorption energies of O 2 are in fact below the threshold of reasonably expected accuracy.

In case the surface possesses a charged halogen vacancy, the interaction of molecules with it was not substantially enhanced compared to the case of the perfect surface.

However, for the surface with neutral vacancies, the interaction of CO 2 and H 2 O shows a considerable increase compared to that of the perfect surface. For the surfaces with charged vacancy, H 2 O is more prominent to attack the surface, while for the surfaces with neutral vacancy, O 2 is more likely to attack than other molecules used in this study.

For MAPI, H 2 O is more likely to interact with the surface than oxygen, revealing PbI 2 termination as the surface with the highest interaction in terms of adsorption energy. MAPI surface is more likely to be attacked by oxygen in the dissociated form (O-O). At the same time, for water molecules, the non-dissociated molecule is more likely to attack than the dissociated form (H + and OH -).

The presence of molecules does not significantly impact the electronic structure of the perfect CsPbX 3 surfaces and surfaces with charged vacancies, whatever the perovskites, types of surfaces and molecules.

The analysis of the characteristics of adsorption (moderate values of adsorption energies, a relative absence of chemical bonding between molecules and the slabs) permits us to identify their interaction as physisorption for the case of perfect surfaces (CsPbX 3 and MAPI) and surfaces (CsPbX 3 ) with charged vacancy. However, for the surface with neutral vacancy, we can speak of chemisorption with more substantial confidence, at least in case adsorbed O 2 and CO 2 occurs.

A practical consequence from this consideration is that CO and O 2 (and, in fact, [START_REF] Dovesi | Ab initio approach to molecular crystals: A periodic hartree-fock study of crystalline urea[END_REF]; [START_REF] Sophia | First-principles study of the mechanisms of the pressure-induced dielectric anomalies in ferroelectric perovskites[END_REF]; [START_REF] Apra | On the structural properties of NaCl. an ab initio study of the B1-B2 phase transition[END_REF]; web for a complete set of data). For the pseudopotential basis sets, Br, I and Pb GTFs contractions are used in conjunction with the Stuttgart-Dresden fully relativistic pseudopotentials [START_REF] Peterson | Systematically convergent basis sets with relativistic pseudopotentials. ii. small-core pseudopotentials and correlation consistent basis sets for the post-d group 16-18 elements[END_REF][START_REF] Peterson | On the spectroscopic and thermochemical properties of clo, bro, io, and their anions[END_REF][START_REF] Metz | Small-core multiconfiguration-Dirac-Hartree-Fockadjusted pseudopotentials for post-d main group elements: Application to PbH and PbO[END_REF], and Cs GTFs contraction with a Hay-Wadt small-core pseudopotential [Hay and Wadt, 1985a,b,c]. For Cs and Pb, only the most diffuse GTFs are given (see Ref. [START_REF] Sophia | First-principles study of the mechanisms of the pressure-induced dielectric anomalies in ferroelectric perovskites[END_REF] for a complete set of data).
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Detailed adsorption energies for the CsX-terminated surfaces

Concerning the CsX-terminated surfaces, Figure A.1 shows the two relaxation patterns, which follow the actually "observed" relaxations, obtained for X = Cl, Br and for X = I on the left and right panels, respectively (the trends have been exaggerated

for better visibility). The origin of the surface unit cell in both cases is chosen so that the Cs surface atom, which is the least displaced relative to the projection of his deeplayer counterparts, resides at a corner. For these surfaces, assuming the C 1 2h symmetry, one can identify 6 irreducible Cs sites; however, for the surfaces based on CsPbCl 3 and CsPbBr 3 , after the atomic relaxations, one can make distinction between four Cs sites, among which the four "identical" neighbours 2 shrink together towards the reference atom in the corner ( 1 in the figure ), making what we'll refer to as "star" (X=Br, Cl). The third species 3 somehow takes off from the X atom at the middle of the cell, making a loosely bound "wheel". The position 4 between two "stars" and two "wheels", referred as CsX-s4, is a site on top of the underlying X atom, cornered symmetry. The obtained band gaps make a reasonably small fork (of ± 3%) around the corresponding bulk value. The appearing discrepancies are a manifestation of the slab non-stoichiometry and its insufficient thickness (or serve to estimate a possible error due to this latter deficiency). These perovskites have also a band gap at R, and one can imagine that a (sparse) k-mesh used for slab calculation would just by chance skip the k-point yielding the states which delimit the gap. However, with our choice of 6×6 mesh for 3×3 supercell, the R point is correctly represented in the sampling. Then the obtained spread of the band gap between differently terminated slabs are acceptable. -s6 3.37-3.61 5.20-5.21 3.44-3.87 5.86 6.28 -0.15 CsI-s7 3.41-3.55 5.77-6.05 3.65-3.95 5.17 5.84 -0.14 CsI-s8 3. 51-4.77 3.64-3.76 3.87-4.41 7.70 7.61 -0.20 CsI-s9 3.57-3.76 5.74-5.90 3.52-3.90 5.40 5.73 -0.15 The evolution of interlayer distances into the depth of a slab must eventually match the values corresponding to pure bulk. Whatever the compounds and termination of the surfaces, the perturbations of the interlayer distance (with respect to the perovskite structure, see Table A.6, A.7) are largest for the first layer (around 11%) which is smaller than in case of perfect surface, and the perturbations are further reduced towards the interior of the slab as the variation comes down to 0.3%. The inclusion of vacancies did not dramatically change the relaxation patterns.
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Detailed adsorption energies for the defective

CsX-terminated surfaces

As discussed in the section of perfect CsPbX of the wheel is marked by V-CsX-s3, while V-CsX-s2, situated at the diagonal and V-CsX-s1 along the boundary of the wheel.

For the CsI surface, the right panel of the Figure A.4, V-CsI-s4 is at one of the corner of the star, V-CsI-s5 down south to the V-CsI-s4 and V-CsI-s6 along the (100) mirror plane.

In the above characterisation some of the potential sites were left out which poses almost the same situation as the above mentioned scenario. Further discussions in Chapter 3 regarding the vacancy formation energy and adsorption of molecules will The vacancy formation energy is computed for the different sites for the case of charge and neutral vacancy. E vac , vacancy formation energy for neutral and charged vacancies are calculated using the formula described in equations 3.4 and 3.5. Site 1 and site 2 ( 4 and 5 for I) show roughly the same energy in each of the two situations, charged and neutral vacancies. Of all the sites, site 3 ( 6 for I) shows the lowest vacancy formation energy.

PbX 2 terminated surfaces are more likely to form neutral vacancies whereas charged 

Introduction

Les pérovskites organiques/inorganiques halogénées gagnent en popularité dans le domaine du photovoltaïque (PV) en raison de leurs excellentes propriétés optoélectroniques telles qu'un band-gap optimal d'environ 1.7 eV [Tanaka et al., 2003], une bonne absorption solaire [START_REF] Du | Light-trapping in perovskite solar cells[END_REF], une longue durée de vie des porteurs [Stranks et al., 2013] et une bonne tolérance aux défauts [START_REF] Brandt | Identifying defect-tolerant semiconductors with high minority-carrier lifetimes: beyond hybrid lead halide perovskites[END_REF]. D'autres avantages non négligeables de ces matériaux sont leur faible coût de production et la possibilité de les synthétiser par des méthodes de chimie douce. Les cellules solaires à base de pérovskite ont été réalisées pour la première fois par Tsutomu Miyasaka en 2009 avec une efficacité de cette cellule d'environ 2.5% [START_REF] Kojima | Organometal halide perovskites as visible-light sensitizers for photovoltaic cells[END_REF]. Avec des techniques de traitement améliorées [START_REF] Kajal | Manufacturing Techniques of Perovskite Solar Cells[END_REF], l'efficacité de conversion de puissance a [Stoumpos et al., 2013a]; b [Stoumpos et al., 2013b]; c [START_REF] Whitfield | Structures, phase transitions and tricritical behavior of the hybrid perovskite methyl ammonium lead iodide[END_REF]; d [START_REF] Ma | Stable alpha/delta phase junction of formamidinium lead iodide perovskites for enhanced near-infrared emission[END_REF]]; e . [START_REF] Scott | New phase transitions in perovskite oxides: BiFeO 3 , SrSnO 3 , and pb(fe 2/3 w 1/3 ) 1/2 ti 1/2 o 3[END_REF]]; e . [START_REF] Wang | Phase transformation in the oxides[END_REF];

Structure des pérovskites halogénées organiques et inorganiques

Les pérovskites ont une formule générique ABX 3 où X est un halogène (ici X = Cl, Br PbX 6 de la pérovskite. Le cation organique/inorganique A est situé au centre de la cage formée par les unités PbX 6 . Le prototype bien connu de ces matériaux est une de structure de phase cubique P m 3m ; cependant cette famille de composés possède une riche séquence de transitions de phase en pression et en température menant à des phases de symétrie inférieure à la phase cubique telles que tétragonale ou orthorhombique. Différentes phases des pérovskites étudiées sont données dans le tableau i. La phase cubique est la plus adaptée aux applications photovoltaïques en raison de sa bande interdite et de ses propriétés optiques [START_REF] Quarti | Structural and optical properties of methylammonium lead iodide across the tetragonal to cubic phase transition: implications for perovskite solar cells[END_REF]. Dans ce travail, la structure considérée pour les pérovskites est cubique pour CsPbX 3 et pseudo-cubique pour MAPI et FAPI [START_REF] Weller | Cubic perovskite structure of black formamidinium lead iodide, α-[HC(N H 2 ) 2 ]P bI 3 , at 298 K[END_REF]. 

Les approches ab initio et les fonctionnelles hybrides

Propriétés vibrationnelles des cristaux

Les calculs de phonons ont été réalisés afin de comprendre la dynamique de réseau qui pourrait influencer les propriétés des surfaces. Ils révèlent que la structure cubique des pérovskites possède des instabilités au centre (MAPI ou FAPI) et en bordure de zone Brillouin de (CsPbX 3 ) caractérisées par l'existence de modes instables (fréquences imaginaires). L'analyse des vecteurs propres montre que, pour CsPbX 3 , celles-ci sont liées à la rotation des octaèdres PbX 6 conduisant aux transitions de phase tétragonale et orthorhombique ; tandis que pour les MAPI et FAPI, ces instabilités combinent la rotation des octaèdres avec une réorientation ou réorganisation des molécules organiques MA et FA les unes par rapport aux autres menant à une phase orthorhombique de plus basse énergie. En effet, les molécules organiques possèdent des moments dipolaires qui, par interaction électrostatique, influencent l'orientation des autres entités voisines et donc les propriétés électroniques de ces matériaux [START_REF] Carignano | A close examination of the structure and dynamics of HC(NH 2 ) 2 PbI 3 by MD simulations and group theory[END_REF][START_REF] Maheshwari | The relation between rotational dynamics of the organic cation and phase transitions in hybrid halide perovskites[END_REF].

Propriétés des surfaces (001) des pérovskites

Pour étudier l'adsorption des molécules, les surfaces (001) des CsPbX 3 et MAPX, et 
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FIGURE 1 :

 1 FIGURE 1: Conversion efficiencies for cells of different materials and different technologies used in PV domain, from 1976 to present. Figure adapted from [NRE].

  Chapter 4 focuses on the adsorption of molecules such as CO, CO 2 , O 2 and H 2 O on the perfect surfaces of CsPbX 3 (X=I, Br, Cl) and surfaces characterised by the presence of point defects, typically vacancies. The role of adsorption on electronic properties is investigated. The final Chapter 5 deals with the adsorption of H 2 O and O 2 on the surfaces of MAPI. The adsorption of molecules in the dissociated state on perovskite surfaces and their impact on the electronic structure are also covered in this chapter.

FIGURE 1 . 1 :

 11 FIGURE 1.1: View at an angle to [100] of cubic phase of APbX 3 perovskites with Cs (a), MA (b) and FA (c) cations shown with their nearest (I) and next nearest (Pb) neighbors. The arrow indicates the direction of dipole moment of MA and FA cations.

FIGURE 1 . 2 :

 12 FIGURE 1.2: Different phases of CsPbI 3 perovskite a) cubic phase (P m 3m); b)tetragonal phase (P 4/mbm); c) orthorhombic phase (P nma).

FIGURE 1 . 3 :

 13 FIGURE 1.3: Different phases of FAPI in a) cubic phase (P m 3m); b) hexagonal phase (P 6 3 mc)

Figure

  Figure 1.3.

FIGURE 1 . 4 :

 14 FIGURE 1.4: Schematic figure of different possible configurations of perovskite solar cell. The left panel depicts mesoporous n-i-p configuration, in which a mesoporus ETL is used; the circles indicate a part of the mesoporous ETL layer within the perovskite layer. See text for details.

FIGURE 1 . 5 :

 15 FIGURE 1.5: The absorbance of MAPI thin films at different wavelengths and under different oxidation conditions. (a) film when exposed to light under inert conditions; (b) film when exposed to air in the dark; (c) film exposed to both light and air. Figure taken from Bryant et al. [2016].

  FIGURE 3.1: Calculated bandgap of cubic (P m 3m phase) CsPbCl 3 , CsPbBr 3 and CsPbI 3 perovskites vs number of divisions in k-points sampling.

FIGURE 3 . 2 :

 32 FIGURE 3.2: Percentage relative error in the band gap with respect to value obtained from calculation against the experimental value for cubic (P m 3m) CsPbX 3 (X=I, Br, Cl) perovskites tested for PBE functional revised for solids with admixture of different percentage of HF exchange.

  FIGURE 3.3: Phonon dispersion curves for bulk perovskites with P m 3m cubic phase calculated along high-symmetry lines of Brillouin Zone Γ (0 0 0), X (0 1 2 0), M ( 1 2

  Figure 3.4 a, b describes the tilting of octahedra and arrangement of organic molecule in rhombohedral phase of MAPI and FAPI respectively. The organic molecules in the organic halide perovskites are polar. The MA molecule has a dipole moment of 2.46 D, pointing from carbon towards the nitrogen, whereas

FIGURE 3

 3 FIGURE 3.4: [100] view of tetragonal phase of a) CsPbI 3 and rhombohedral phase of b) MAPI c) FAPI.

FIGURE 3

 3 FIGURE 3.5: Tilted [100] view of pseudo cubic phase of perovskites with different cations in the center of cage formed by PbI units: a) CsPbI 3 , b) MAPI and c) FAPI. The arrow indicates the direction of the dipole moment of the organic cation.

FIGURE 3 . 6 :

 36 FIGURE 3.6: Band structure for bulk perovskites calculated along highsymmetry lines of Brillouin Zone from Γ (0 0 0) to X (0 1 2 0), M ( 1 2

  FIGURE 3.8: Energy of formation of slab, (001) (010) (100) with FAI and PbI 2 termination against the thickness of the slab.

  ), (4×4) like the "straight square" cells with 16 operations of symmetry and "twisted" cells such as ( √ 10× √ 10) and ( √ 13× √ 13) with 8 operations of symmetry. The cutting of various sizes of the supercell are shown in the figure 3.9.

FIGURE 3 .

 3 FIGURE 3.10: Top view (above) and front view (below) on the reconstructed slabs of CsPbBr 3 for 2 × 2 (a), 3 × 3 (b) and 4 × 4 (c) supercells with CsBr termination slab.

FIGURE 3 .

 3 FIGURE 3.12: Top view (above) and front view (below) on the reconstructed slabs of CsPb(Cl/Br) 3 (a, b) and of CsPbI 3 (c,d). The slab terminations are CsX (a, c) and PbX 2 (b, d).

FIGURE 3 .

 3 FIGURE 3.13: Schematic view of the interlayer and the range of atomic relaxations around the interlayer (width), as defined in Table 3.4, for the CsX termination (a) and the PbX 2 termination (b).

FIGURE 3 .

 3 FIGURE 3.14: Front view of the reconstructed MAPI slab with MAI (a, c) and PbI 2 (b, d) termination for (001) (a, b) and (110) (c, d) surfaces. Data of MAPI surfaces adapted from Baranek [2019].

Figure 3. 16 shows

 16 the charge density maps of top of CsX and PbX 2 terminated structures. The red colour there indicates electron-deficient region and blue colour indicates the electronrich regions. The charged vacancy has a pile-up of positive charge around the white spot (indicating halide vacancy), which is much less pronounced in the case of a neutral vacancy.

FIGURE 3 .

 3 FIGURE 3.15: [100] view of alpha-spin density associated to the unpaired electron on Pb atom at the uppermost layer (for PbX 2 termination, a) and the second layer from the uppermost layer (for CsX termination, b) of the CsPbI 3 surfaces. For sake of clarity, Cs atoms are hidden. Pb atoms are in black. The separation between contiguous isodensity curves corresponds to 0.001 e/Bohr 3 in the spin maps; curves corresponding to absolute values larger than 0.02 spin-density e/Bohr 3 , are omitted.

FIGURE 3 . 16 :

 316 FIGURE 3.16: Charge density maps of top of the surface with charged and neutral vacancies on CsX and PbX 2 terminated structures. Halogen vacancy is marked with white circle.

Figure 4

 4 Figure 4.1) did not show significant change depending on lateral size of the supercell. However, if unconstrained relaxation is allowed throughout the supercell for each fixed position of the molecule from the surface, then the PE curves become much less smooth and, in fact, wildly fluctuating. Therefore, some systematics needs to be established so that the effect of the supercell size be carefully controlled. The issues responsible for fluctuating results are different symmetries and different relaxation patterns compatible with different supercells. The instructive way is to "release" the atoms for

FIGURE 4 . 1 :

 41 FIGURE 4.1: Adsorption energy of CO 2 molecule placed on top of Cs over CsPbBr 3 surface with CsBr termination, plotted against distance of CO 2 molecule from the top of the surface.

Figure 3 .

 3 Figure3.9 depicts a sequence of supercells, labelled from 2× to 16×, according to the replication of the original cubic perovskite cell in the (x, y) plane. Table4.1 below gives explicit coordinates of the atoms in the AX planes of the supercells 1× through 8×. The sequences can be straightforwardly continued towards larger supercells, resulting in longer tables and an increased number of "free" atoms. The tables can be verified by checking that for a N × supercell; one finds N (A, B, X A ) atoms and 2N X B atoms. The xand y-coordinates in the Table are subject to relaxation and are, in principle, different from atom to atom and between different planes in the slab. In the Figure4.2, the first shell is the atoms described in the Table, while for the second shell, the atoms released are lying in the layers exactly underneath the atoms of the top layer, and it continues until the cuboid formed by Pb atoms is released altogether.

FIGURE 4 . 2 :

 42 FIGURE 4.2: Adsorption energy of CO 2 molecule on CsPbBr 3 surface with CsBr termination, plotted against the supercell size. The system is allowed to relax in a controlled manner. See text for details.

  alent, only one has been explored. In contrast, for the CsX termination, the adsorption of the molecules has been systematically investigated, placing the molecules initially over seven different cation sites and two interstitial sites -see Figure A.1 in the Appendix. The molecule has been brought to the surface at one side of the slab only, in a vertical position (the CO has been tried in both orientations). The symmetry constraints have been fully removed at this stage; all the atomic positions and cell parameters have been optimised. The molecules may have drifted over the surface to adjacent positions and/or changed their orientation.

  Figure 4.3 in top-view and front-view projections.Figure 4.4 schematically shows the

  Figure 4.3 in top-view and front-view projections.Figure 4.4 schematically shows the "docking geometry" of molecules, also, in two projections, indicating the calculated interatomic distances, which are further specified inTable 4.2. One can distinguish

FIGURE 4 . 4 :

 44 FIGURE 4.4: Schemes of docking of molecules at CsX surfaces of CsPbX 3 in [010] and [00 1] projections. X 0 mark halogen atoms in the surface layer (CsX) and X -1 -in the subsurface layer (PbX 2 ). The values of interatomic distances indicated are specified inTable 4.2. Dashed circles indicate atoms positioned behind (in the side view) or below (in the top view) of the other atoms shown.

  FIGURE 4.5: Similar to Figure 4.3, for the PbX 2 -terminated (001) surfaces.

FIGURE 4 . 6 :

 46 FIGURE 4.6: Schemes of docking of molecules at PbX 2 surfaces of CsPbX 3 in [010] (cases a, c) and [110] (cases b, d) projections, along with, in each case, the [00 1] projection. X 0 mark halogen atoms in the surface layer (PbX 2 ), and X -1 -in the subsurface layer (CsX). The values of interatomic distances indicated are specified in Table 4.3. Dashed circles indicate atoms positioned behind (in the side view) or below (in the top view) of the other atoms shown.

  Figure 4.7 schematically shows the "docking geometry" of oxygen and water (in two projections), which are similar for the cases of charged and neutral vacancy. CO 2 exhibits two different geometries for charged and neutral vacancies in the left and right panel respectively of Figure 4.8. The non-linearity of the CO 2 molecule is discussed in detail later. The interatomic distances and the adsorption energies are further specified in Table 4.4. In what concerns the adsorption at the sites of charged vacancies, all the molecules turn out to hang between the two Cs atoms from the upper ( CsX) layer (see Figure 4.7 and Figure 4.8). In the case of charged vacancies, the O-Pb -1 (Pb from the PbX 2 layer) distance (see Tables 4.7 and 4.8) reveals that the molecules do not penetrate into the lattice. The H 2 O molecule on adsorption somehow displaces towards one of the neighbouring Cs atoms, as is seen from the disparity of the two Cs-O distances specified in Table 4.4. The CO 2 molecule practically aligns itself between the two Cs atoms such that, the two oxygen aligns close to the cesium and the two Cs-O distance varies around 5%. CO hangs between the two Cs such that the oxygen roughly hangs over the Pb atom.

FIGURE 4

 4 FIGURE 4.7: Schemes of docking of O 2 (a) and H 2 O (b) molecules at CsX surfaces of CsPbX 3 in [010] projections, along with, in each case, the [00 1] projection. X -1 is indicated for the subsurface layer (CsX). The values of interatomic distances indicated are specified in Tables A.12 and A.9. Dashed circles indicate atoms positioned behind (in the side view) or below (in the top view) of the other atoms shown. The schemes apply to both charged-vacancy and neutral-vacancy cases.

FIGURE 4 . 8 :

 48 FIGURE 4.8: Similar to Figure 4.7. (a) and (b) are cases for arrangement of CO 2 on charged and neutral vacancy (non-linearity of CO 2 is discussed in the text) on CsX terminated structure respectively and; (c) applies to CO in both charged-vacancy and neutral-vacancy cases. Interatomic distances are specified in Tables A.10 and A.11.

H 2

 2 O and CO molecules behave similarly in the final configuration as in individual cases related to charged vacancy. For CO 2 , the molecule bends such that the C atom is close to the Pb atom and the two oxygen atoms are at some angle pointing towards the Cs atom. The bending of the CO 2 molecule is attributed to the transfer of charges from Pb to C of CO 2 . It is further discussed in the coming paragraphs.

X

  

FIGURE 4 . 9 :

 49 FIGURE 4.9: Schemes of docking of (a) O 2 , for the both cases of charged and neutral vacancy, and (b, c) of H 2 O, for the cases of charged and neutral vacancy, respectively, at PbX 2 surfaces of CsPbX 3 in [010] projections, along with, in each case, the [00 1] projection. X -1 is in the subsurface layer (CsX). The values of interatomic distances indicated are specified in Table 4.8. Dashed circles indicate atoms positioned behind (in the side view) or below (in the top view) of the other atoms shown.

FIGURE 4 .

 4 FIGURE 4.10: Schemes of docking for the CO 2 (a -charged vacancy, bneutral vacancy) and CO (c -applies to both charged and neutral vacancy cases) on the PbX 2 terminated surface. Interatomic distances are given in Table4.7.

  molecules. Neither there is any change in the state at the highest occupied and lowest unoccupied bands: the top of the valence band and the bottom of the conduction band is mainly made of X-p and Cs/Pb-s orbitals, respectively, without any noticeable change in the density of states concerning the free surfaces. Bonding and antibonding states in CO 2 and CO have moved apart by ±5 eV from the reference energy level (bottom of the valence band). The occupied state falls into the gap between the caesium and iodine 5p states. The specificity of O 2 is the spin of the isolated molecule due to spin polarised calculations. The energy difference between the partially occupied and unoccupied O2p states in our calculation amounts to ∼5 eV; the occupied level falls into the valence band. The energies of the corresponding levels will depend on the proximity of the oxygen with the lead or caesium, for the CsX-terminated and Pb(Cl/Br) 2 -terminated surfaces O 2 lying at ≈ 3.5 Å of Cs and Pb, the O-p partially occupied and unoccupied states are located at 1 eV below and above the Fermi level (in the band gap), respectively; whereas, for the PbI 2 -terminated surfaces of CsPbI 3 , since the oxygen is at 4.3 Å of the lead, these two levels are located at 2 eV below and above the Fermi level.No charge transfer or otherwise the creation of covalent bonds is seen between the molecule and the surface. The slight admixture of C2p or O2p states is noticeable.

  FIGURE 4.11: Densities of states of CO, CO 2 and O 2 molecules adsorbed on CsI surface (left column) and on the PbI 2 surface (right column) of CsPbI 3 . The energies are given concerning the valence band top; the scaling of DOS is chosen out of convenience and unrelated in different plots. The bottom panels show the DOS of the whole corresponding slab (11 layers), the next-to-bottom panel -the cumulate DOS of the two upper atom layers. See text for details.

Figure 4 .

 4 Figure 4.12. This shift indicates the charge transfer between the O 2 and the Pb atom. The shift is by 1.2 eV for CsI termination and 1.5 eV for PbI 2 termination. In the case of CO 2 , as discussed before, the molecule loses its linearity because of the charge transfer between the molecule and the neighbouring Pb atom. The shift in the DOS (see Figure 4.13) implies that the charges are redistributed among the molecule and the Pb atom.

FIGURE 4 .

 4 FIGURE 4.12: Total DOS of O 2 (left panel) and H 2 O (right panel) adsorbed on the CsI and PbI 2 terminated surfaces of CsPbI 3 . The dashed line represents the total DOS of free surfaces. Black and red lines represent the DOS of the first and second layers, respectively. Inset shows the DOS of the corresponding molecule on the respective surface.

  FIGURE 5.1: Final configurations of O 2 (b, d) and H 2 O (a, c) on MAPI (110) surface with PbI 2 (a, b) and (MA)I terminations (c, d).

FIGURE 5 . 2 :

 52 FIGURE 5.2: Final configuration of O 2 (a, d) and H 2 O (b, c and e) on MAPI (001) surface with PbI 2 (a, b, c) and (MA)I terminations (d, e).

FIGURE 5 . 3 :

 53 FIGURE 5.3: Relaxed configurations of dissociated O 2 (a) and H 2 O (b) on MAPI (001) surface with (MA)I termination.

FIGURE 5 . 4 :

 54 FIGURE 5.4: Densities of states of MAPI (001) surface with adsorbed O 2 (in the left panel) and H 2 O (on the right panel). Dashed lines indicate the total DOS of the whole slab without molecule. Black and red lines indicate the DOS of the first and the second layer, respectively. The inset shows the DOS of the corresponding molecule on that surface.

FIGURE 5 . 5 :

 55 FIGURE 5.5: Densities of states of MAPI (001) surface with adsorbed O 2 (in the left panel) and H 2 O (on the right panel) in the dissociated state. Similar to figure 5.4. See text for details.

  FIGURE A.1: Schematic view of reconstruction at the CsX surface (represented by a 3×3 supercell) with X= Cl, Br (left panel) and X=I (right panel). Only the surface layer is shown. The numbers indicate Cs with nonequivalent local environment. The dashed squares indicate in-plane adsorption positions between two Cs atoms shifted apart, on top of an X atom in the underlying PbX 2 plane. The numbering of sites N = 1, 2, . . ., 9 introduced is translated as N → CsX-sN for the discussion in the text.

Figure

  Figure A.1, from which two of its in-plane Cs neighbors and two I-neighbors are somehow shifted away. The sites 1 through 9 are referred to as CsX-s1 through CsX-s9 in the tables A.3, A.4, A.5 below. Table A.2 gives the band gap values of the free relaxed slabs. They are compared to the band gap values of the respective orthorhombic phases which possess the same

Figure

  Figure A.2 depicts DOS of crystalline perovskite CsPbI 3 and of two (relaxed) slabs, corresponding to two different terminations.

FIGURE A. 3 :

 3 FIGURE A.3: Schematic view of the interlayer and the range of atomic relaxations around the interlayer (width), as defined in Table 3.4, for the CsX termination (a) and the PbX 2 termination (b).

  3 surface, the CsX terminated structure undergoes surface reconstruction, in the course of which the possible adsorption sites are diversified by their symmetry and environment. Unlike for the perfect surface the number of sites for adsorption on CsPbX 3 (X=Cl, Br) and CsPbI 3 surfaces were different but for the creation of halide vacancies three potential sites were identified for all the three surfaces. In Figure A.4, in the left panel for X=Cl and Br, the center

FIGURE A. 4 :

 4 FIGURE A.4: Similar to Figure A.1, the numbering of sites shown for the reconstructed CsX surface with halide vacancies.

  atteint 25.2%[NRE] en 2020. Cette augmentation d'efficacité dans un court laps de temps a suscité l'intérêt de nombreux chercheurs. Cependant, le principal problème de ces matériaux est leur manque de stabilité à long terme caractérisée par une diminution dans leurs performances avec la température, en présence d'eau et sous UV. Celleci reste le frein à leur commercialisation à grande échelle. Beaucoup d'efforts ont été faits pour comprendre ce problème[START_REF] Leguy | The dynamics of methylammonium ions in hybrid organic-inorganic perovskite solar cells[END_REF][START_REF] Juarez-Perez | Thermal degradation of CH 3 NH 3 PbI+3 perovskite into NH 3 and CH 3 I gases observed by coupled thermogravimetry-mass spectrometry analysis[END_REF]. Il y a encore peu d'études théoriques ab initio sur l'impact de l'air et de l'eau sur les propriétés de ces matériaux. Ce travail porte donc sur l'étude ab initio de la dégradation des pérovskites organiques de type MAPI et inorganiques de type CsPbX 3 (avec X = Cl, Br et I) en présence de CO, CO 2 , O 2 et H 2 O.

  et I), et, A et B sont des cations. Les espèces A peuvent être organiques comme le méthylammonium (MA), MA+=CH 3 NH 3 + , ou le formamidinium, FA+ = CH(NH 2 ) 2 + , mais aussi inorganiques comme Cs + , Rb + ; tandis que B est un cation divalent comme Pb 2+ ou Sn 2+ . L'ion B est entouré d'anions X formant les unités octaédriques de base

  Les modélisations ab initio réalisées dans ce travail sont basées sur les fonctionnelles hybrides. Celles-ci combinent un certain pourcentage de l'échange Hartree-Fock (HF) avec une fonctionnelle d'échange-corrélation développée dans le cadre de la Théorie de la Fonctionnelle de la Densité (DFT) afin d'obtenir une description qualitative et quantitative des propriétés structurales, électroniques et dynamiques d'une famille de matériaux. Dans ce travail, 16% et 20% d'échange HF ont été combinés aux fonctionnelles d'échange-corrélation de du type dit Perdew-Burke-Ernzerhof (PBE) afin d'obtenir des propriétés électroniques (comme le band gap) ou structurales en bon accord avec l'expérience des CsPbX 3 , et, MAPI et FAPI, respectivement, comme l'illustre le tableau ii.

  Fig. i)Pour les pérovskites inorganiques, deux types de surface ont été considérés sans et avec défaut. Le défaut considéré est un centre F soit une lacune anionique, le plus stable et plus probable à la surface de ces matériaux[START_REF] Eames | Ionic transport in hybrid lead iodide perovskite solar cells[END_REF]. A cause des différents transferts de charges liés soit à l'illumination ou aux réactions chimiques aux interfaces, ces défauts peuvent être neutres ou chargés. Ceux-ci ont été considérés afin d'évaluer leurs effets sur l'adsorption des molécules. Pour la MAPI et FAPI, uniquement les surfaces sans défaut ont été considérées pour évaluer l'impact des entités moléculaires sur la réactivité des surfaces. Pour chaque surface et chaque terminaison de chaque composé, les CO, CO 2 , O 2 et H 2 O ont été adsorbés sur différents sites du sommet des couches. Pour les différentes réactions, les énergies d'adsorption ont été systématiquement déterminées et interprétés en termes de structures atomiques et électroniques, et, de répartition de charge de Mulliken des molécules adsorbées sur les différents substrats. Quelque soit la pérovskite, CO et CO 2 physisorbent sur les différentes surfaces tandis que H 2 O et O 2 peuvent se chimisorber sur les pérovskites organiques : H 2 O peut se dissocier sur les pérovskites inorganiques, ou, peut former, ainsi que O 2 , des oxydes avec les molécules organiques des MAPI. Pour les pérovskites inorganiques, excepté pour H 2 O,-CO, CO 2 et O 2 physisorbent sur les

  

  

  

  

  

  

  

  

  

  

  Table -A.3 for adsorption of CO 2 . . . . . . . . . . . . . . . . . . A.11 Similar to Table -A.9 for adsorption of CO. . . . . . . . . . . . . . . . . . A.12 Similar to Table -A.9 for adsorption of H 2 O. . . . . . . . . . . . . . . . . .

i

Evolution en température (en K) des phases de différentes pérovskites

TABLE 3 .

 3 1.73 b 5.883 a 2.30 c 5.660 a 2.86 c a Moreira and Dias [2007]; b Eperon et al. [2015]; c Liu et al. [2013].

	Functional	CsPbI 3	CsPbBr 3	CsPbCl 3
		a	E g	a	E g	a	E g
	PBE	6.308 1.41 5.995 1.91 5.762 2.45
	PBEsol	6.198 1.20 5.884 1.50 5.661 2.21
	PBEsol0	6.202 1.95 5.885 2.70 5.660 3.42
	B3LYP	6.393 2.41 6.062 3.02 5.816 3.65
	HSE06	6.284 1.90 5.968 2.45 5.734 3.25
	PBE0	6.283 2.45 5.968 2.51 5.735 3.25
	Hybrid	6.196 1.61 5.884 2.20 5.659 2.91
	Exp	6.198				

1: Bandgaps (E g , in eV) and lattice parameters (a, in Å) calculated using different functionals (using CRYSTAL17) for CsPbX 3 type perovskites (see text for details). a

  [START_REF] Moreira | Comment on "prediction of lattice constant in cubic perovskites[END_REF]; bStoumpos et al. [2013a] ; c Eperon et al. [2015]; d Swarnkar et al. [2016]; d Møller [1958]; e Lai et al. [2017] (nanowires); f Natarajan and Prakash [1971]; g Liu et al. [2013]; h Poglitsch and Weber [1987]; i Noh et al. [2013]; j Leblanc et al. [2019]; k Eperon et al. [2014].

	a 6.196 6.198 a , 6.289 b , 6.177 c , 6.189 d 1.61 1.73 c,d , 1.76 e E g Calc. Exp. Calc. Exp. 5.884 5.883 a , 5.870 b , 5.874 e,f 2.20 2.30 g 5.659 5.660 a , 5.605 e 2.91 2.86 g 6.363 6.330 h 1.62 1.60 i 6.428 6.362 j 2.04 1.48 k a Inorganic halide perovskite CsPbI 3 CsPbBr 3 CsPbCl 3 MAPbI 3 FAPbI 3

TABLE 3 .

 3 3: Band gaps (in eV) for different phases of organic /inorganic halide perovskites.

	Compound		phase (space group)
		cubic tetragonal orthorhombic
	CsPbI 3	1.61	1.85	3.49
	MAPbI 3	1.62 a	1.71 a	2.24 a
	FAPbI 3	2.07*	2.21	2.04
	a Baranek [2019]			
	* Band gap value for FAPI is of pseudo cubic phase.	

TABLE 3 .

 3 4: Interlayer distances ("inter" in Å) and widths of (warped) atomic layers (width in Å) in relaxed slabs of CsPbX 3 for both CsX and PbX 2 terminations (seeFigure A.3). For perovskite structure, the interlayer distance is half of the lattice parameter corresponding to 3.09, 2.94 and 2.82 Å for CsPbI 3 , CsPbBr 3 and CsPbCl 3 , respectively

			CsPbI 3	CsPbBr 3	CsPbCl 3
		layer width inter width inter width inter
	CsX termination			
	(top)	CsX	1.30	0.99	0.84
			2.72	2.57	2.49
		PbX 2 2.04	1.72	1.53
			3.20	3.17	3.03
		CsX	0.37	0.14	0.13
			2.88	2.74	2.66
		PbX 2 1.77	0.92	0.90
			3.11	2.91	2.82
		CsX	0.85	0.25	0.21
			2.99	2.90	2.80
	(median) PbX 2 1.63	1.25	0.90
	PbX 2 termination			
	(top)	PbX 2 1.72	1.14	0.57
			2.63	2.57	2.47
		CsX	1.45	0.53	0.26
			3.27	3.05	2.95
		PbX 2 1.75	1.49	0.74
			2.97	2.84	2.69
		CsX	1.13	0.34	0.07
			3.07	2.93	2.86
		PbX 2 1.92	1.30	1.13
			3.08	2.91	2.80
	(median) CsX	0.91	0.62	0.00

TABLE 3

 3 

	.5: Interlayer distances ("inter" in Å) and widths of (warped)
	atomic layers (width in Å) in relaxed slabs of MAPI for both MAI and PbI 2
	terminations (see Figure A.3). Interlayer distance is calculated similar to
	Figure A.3. See text for details. For perovskite structure, the interlayer
	distance is half of the lattice parameter corresponding to 3.18 Å.
			(001)	(110)
		layer width inter width inter
	CsX termination		
	(top)	I	0.10	0.14
			2.92	2.49
		PbI 2	1.75	0.52
			3.44	2.09
		I	0.09	0.41
			2.92	2.46
		PbI 2	1.88	0.80
			3.32	2.12
		I	0.09	0.54
			0.06	2.39
		PbI 2	2.05	1.07
			3.09	2.13
		I	0.07	0.61
			3.25	2.34
		PbI 2	1.72	0.50
	PbI 2 termination		
	(top)	PbI 2	1.57	0.33
			2.92	2.06
		I	0.14	1.23
			3.32	2.09
		PbI 2	1.70	0.95
			3.01	2.26
		I	0.07	0.72
			3.30	2.36
		PbI 2	1.82	0.82
			2.95	2.06
		I	0.05	0.57
			3.35	2.32
		PbI 2	1.66	0.97
			3.01	2.19
	median	I	0.08	0.63

TABLE 3 .

 3 

	X	Charged vacancy	Neutral Vacancy
	CsX termination	
	Cl, V-CsCl Br, V-CsBr I, V-CsI PbI 2 termination	3.64 3.52 3.44	-4.31 -3.96 -3.50
	Cl, V-PbCl 2 Br, V-PbBr 2 I, V-PbI 2		3.16 3.01 2.85	-3.80 -3.27 -2.96

6: Vacancy formation energy (in eV) for charged and neutral vacancies calculated for CsX and PbX 2 terminated structures for CsPbX 3 (X=Cl, Br, I) compounds.

  Table 4.2. Dashed circles indicate atoms positioned behind (in the side view) or below (in the top view) of the other atoms shown. Cs-Cs X 0 -X 0 E ads E BSSE

	CO configuration as described by Figure 4.4 (a)				
	Cl: CsCl-l CsCl-h 3.50 3.48 Br: CsBr-l 3.55 CsBr-h 3.48 I: CsI-l 3.61 CsI-h 3.43 CO 2 configuration as described by Figure 4.4 (b) 3.34 3.30 3.62 3.64 3.19 3.60 3.41 3.36 3.71 3.62 3.24 3.65 3.48 3.51 3.85 3.34 3.34 3.79	3.18 5.19 3.19 5.10 3.28 4.77	3.60 5.68 3.60 5.65 3.72 5.20	6.67 5.37 6.92 5.47 6.96 5.94	6.92 4.96 7.24 5.28 7.21 6.09	-0.12 -0.16 -0.07 -0.15 -0.12 -0.17 -0.07 -0.17 -0.12 -0.23 -0.09 -0.23
	Cl: CsCl-l CsCl-h Br: CsBr-l CsBr-h I: CsI-l CsI-h O 2 configuration as described by Figure 4.4 (c) 3.19 3.21 3.29 3.31 3.19 3.38 3.26 3.45 3.27 3.77 3.22 3.50	3.38 5.45 3.38 5.07 3.37 5.75		6.86 5.53 7.04 6.05 7.60 6.57	6.99 4.87 7.33 5.74 7.33 5.77	-0.29 -0.07 -0.20 -0.07 -0.30 -0.10 -0.20 -0.10 -0.34 -0.20 -0.19 -0.20
	Cl: CsCl-l CsCl-h Br: CsBr-l CsBr-h I: CsI-l CsI-h	3.51 3.55 3.59 3.76 3.51 3.51	3.97 3.62 4.04 3.61 3.87 3.62		3.70 5.72 3.67 5.70 3.64 5.70	6.61 5.27 6.89 5.54 7.70 5.30	6.97 5.02 7.28 5.31 7.61 5.84	-0.05 -0.05 -0.02 -0.04 -0.05 -0.06 -0.01 -0.07 -0.15 -0.05 -0.11 -0.04

TABLE 4.2: Geometry and adsorption energies (E ads.

) of CO, CO 2 and O 2 on CsX surfaces. The interatomic distances (indicated according to Figure 4.4) are in Å. The adsorption energies E ads. (in eV) are BSSE corrected; the BSSE contribution (E BSSE ) is given separately, for reference. X Cs-C Cs-O C-X 0 O-X 0 C-X -1 O-X -1

TABLE 4 .

 4 3: Geometry and adsorption energies (E ads. ) of CO, CO 2 and O 2 on PbX 2 surfaces. The interatomic distances for different cases categorised depending on the orientation of molecules (indicated according to Figure 4.6) are in Å. The adsorption energies E ads. (in eV) are BSSE corrected; the BSSE contribution (E BSSE ) is given separately, for reference.

TABLE 4

 4 

		.4: Relaxed interatomic distances (in Å) and adsorption en-	
	ergy (in eV) of different molecules, calculated for different sites shown	
			in Figures 4.8 and 4.7				
		X	Cs-C	Cs-O	C-Pb -1 O-Pb -1 O-X -1 Cs-Cs E ads.
	CO 2 molecule (see Figure 4.8 a, b)							
	Charged Vacancy	Cl Br I	V-CsCl V-CsBr V-CsI	3.54-3.29 3.22-3.23 3.10-3.16	4.00 5.88 4.31		3.60 3.58 3.87	6.23 7.12 8.07	-0.24 -0.38 -0.39
	Neutral Vacancy CO molecule	Cl Br I (see Figure 4.8 c)	V-CsCl V-CsBr V-CsI	3.24-3.16 3.46-3.26 3.39-3.24	2.64 2.30 2.64		3.81 4.33 3.82	5.86 5.92 5.48	-0.98 -1.04 -0.90
	Charged Vacancy	Cl Br I	V-CsCl 4.56 V-CsBr 4.63 V-CsI 4.62	3.69 3.45 3.36	3.34 2.93 2.92	3.95 4.02 4.07	3.58 3.91 3.91	6.88 6.30 7.69	-0.25 -0.36 -0.35
	Neutral Vacancy O 2 molecule	Cl Br I (see Figure 4.7 a)	V-CsCl 3.35 V-CsBr 4.63 V-CsI 3.58	3.27 3.31 3.19	2.67 2.66 2.76	3.38 3.40 3.43	3.95 3.72 4.04	5.62 5.36 7.03	-0.69 -0.68 -0.85
	Charged Vacancy	Cl Br I	V-CsCl V-CsBr V-CsI	4.58-3.84 3.74-4.01 3.49-3.56		3.50-4.08 3.77-4.07 3.38-3.97	3.76 3.69 3.72	6.42 6.50 7.52	-0.09 -0.10 -0.21
	Neutral vacancy H 2 O molecule (see Figure 4.7 b) Cl Br I	V-CsCl V-CsBr V-CsI	3.24-3.31 3.30-3.51 3.09-3.14		2.43-2.44 2.58-2.59 2.44-3.24	3.54 4.14 3.68	5.44 5.49 5.39	-2.53 -2.32 -2.43
	Charged vacancy	Cl Br I	V-CsCl V-CsBr V-CsI	3.22-3.54 3.45-4.45 3.23-4.83		5.69 2.70 2.74	4.42 3.72 3.49	6.05 5.82 7.21	-0.77 -0.80 -0.93
	Neutral Vacancy	Cl Br I	V-CsCl V-CsBr V-CsI	3.33-3.44 3.45-4.46 3.07-4.60		3.73 2.70 3.77	3.96 3.24 3.62	6.02 7.01 7.37	-0.94 -0.89 -1.28

TABLE 4 .

 4 5: Mulliken population analysis for CO 2 , CO, O 2 and H 2 O molecules adsorbed on the CsX terminated surface of CsPbX 3 with charged and neutral halide vacancy. Only the three nearest neighbours of molecules adsorbed at the surface are shown in the Table.

TABLE 4 .

 4 7: interatomic distances (indicated in Figure 4.10, in Å) and adsorption energies E ads (in eV) for CO and CO 2 adsorption PbX 2 surfaces with charged and neutral vacancy. CO lie over one of the Cs atoms from the CsX layer. The schematics of different molecules are shown in Figures 4.9 and 4.10. O 2 rests in a tilted position between two Pb atoms. H 2 O moves towards a Cs atom of the underlying CsX layer while staying at the level of the upper PbX 2 layer. CO and CO 2 align themselves in a tilted vertical orientation between the two Pb atoms. In case of neutral vacancy, O 2 and CO show similar configuration as in the case of charged vacancy while H 2 O and CO 2 go towards the Pb atom. In the case of CO 2 , the bending of the molecule occurs such that C from CO 2 moves towards the Pb atom with the unpaired electron and the two O atoms hang between two Cs from the CsX layer forming an angle between C and O atoms. The CO molecule hangs in a tilted vertical orientation between the two Pb atoms such that C from CO is close to the Cs atom from the CsX layer.

			CO			CO 2		
		distance X = Cl	X = Br	X =I	X = Cl	X = Br	X = I
	Charged vacancy							
		Pb-C				3.96		4.21
		O-Cs -1				4.31	4.41	4.28
		C-Cs -1	4.29	4.41	3.38	4.44	4.57	4.54
		Pb-O	3.81	4.14	3.60	3.30	3.47-4.91 3.62
		Pb-Pb	5.89	6.23	6.86	5.84	6.31	6.70
	Neutral Vacancy	E ads	-0.21	-0.34	-0.35	-0.24	-0.27	-0.38
		Pb-C				2.62	2.62	2.71
		O-Cs -1				3.36	3.44	3.25
		C-Cs -1	3.85	3.93	3.38			
		Pb-O	3.32	3.35-3.41 3.74-4.01	3.21	2.65	3.25
		Pb-Pb	5.27	5.28	7.57	5.74	5.74	5.92
		E ads	-0.51	-0.62	-0.40	-0.68	-0.46	-0.51

from

Table 4 .

 4 7. TABLE 4.8: Geometry and adsorption energies (E ads. in eV) of O 2 and H 2 O on PbX 2 surfaces with charged and neutral vacancy. The interatomic distances (indicated according to Figure 4.9) are in Å.

			O 2			H 2 O		
		distance	X = Cl	X = Br	X =I	X = Cl	X = Br	X = I
	Charged vacancy							
		O-Cs -1	4.46	4.35	3.54	3.30	3.25	2.47
		Pb-O	3.41	3.54	3.75	3.35	3.63	3.96
		Pb-Pb	5.90	6.43	6.48	5.77	6.27	6.84
	Neutral Vacancy	E ads	-0.11	-0.12	-0.17	-0.51	-0.62	-0.80
		O-Cs -1	3.37	3.30	3.25	5.05	3.25	3.16
		Pb-O 2.47-2.56 2.50-2.54 2.53-2.62 2.74-5.04 2.69-3.71 3.03-4.17
		Pb-Pb	5.57	5.61	5.77	5.82	5.96	6.01
		E ads	-2.16	-1.96	-2.55	-0.59	-0.63	-1.01
	TABLE 4.9: Adsorption energies (in eV) for the perfect and defective
			(with vacancy) surface.			
		Perovskite molecule Perfect surface Surface with Vacancy
						Charged	Neutral
	CsX termination PbX 2 termination CsPbCl 3 CsPbCl 3 CsPbBr 3 CsPbI 3 CsPbBr 3 CsPbI 3	CO 2 CO O 2 CO 2 CO O 2 CO 2 CO O 2 CO 2 CO O 2 CO 2 CO O 2 CO 2 CO O 2	-0.36 -0.28 -0.10 -0.40 -0.29 -0.11 -0.54 -0.35 -0.20 -0.18 -0.12 -0.03 -0.15 -0.17 -0.05 -0.11 -0.16 -0.02		-0.39 -0.25 -0.09 -0.68 -0.81 -0.10 -0.39 -0.35 -0.21 -0.24 -0.21 -0.11 -0.27 -0.34 -0.12 -0.38 -0.35 -0.17	-0.98 -0.69 -2.53 -0.90 -0.68 -2.32 -0.90 -0.85 -2.43 -0.68 -0.51 -2.16 -0.46 -0.62 -1.96 -0.51 -0.40 -2.55

TABLE 5 .

 5 1: Adsorption Energy (in eV) calculated for the systems of O 2 and H 2 O molecules on the MAPI surfaces (110) and (001) with MAI and PbI 2 termination. O 2 * and H 2 O* are in the dissociated state. See text for details.

	Molecule	(110) surface	(001) surface
		MAI	PbI 2	MAI	PbI 2
	H 2 O O 2 O 2 * H 2 O*	-0.67 -0.03	-0.98 -0.03	-0.59 -0.04 -1.02 +1.61	-0.83 -0.04
	with PbI 2 termination, H 2 O is introduced over Pb such that the O atom from H 2 O is
	pointing towards Pb. In the final configuration, the H2O molecule comes to rest in
	between the "ridges" such that the O atom of H 2 O is at a distance of ∼2.68 Å, and the
	two H atoms are pointing down (see Figure 5.1 a).	
	For (001) (MA)I termination, again H 2 O is introduced over the MA molecule, and
	upon the full relaxation the H 2 O molecule finds its place between the two iodine

  As another possibility, the H 2 O molecule can be stabilised over the MA molecule of the MA layer (the second one from the top). In the final configuration, H 2 O molecule ends up at the top of the cuboid formed by PbI units, forming a hydrogen bond of length 1.76 Å with NH 3 side of the MA molecule (see Figure 5.2b). The adsorption energy has a higher (absolute) value (-0.89 eV) than in other configurations (with H 2 O stabilised over the Pb atom of the uppermost PbI 2 layer).The adsorption energies shown in Table5.1 reveal higher adsorption energy of H 2 O on the (110) surface than on the (001) one. On the contrary, the adsorption energies of O 2 on these two surfaces are comparable. For both types of surface orientation, the adsorption of H 2 O is stronger in case of PbI 2 terminations than with (MA)I ones.However, in what regards the O 2 adsorption, both the (MA)I and PbI 2 terminations are energetically comparable for both types of surfaces. The adsorption energies reveal that the O 2 would more efficiently attack the perovskite in dissociated state. In the case of H 2 O, non-dissociated H 2 O is more likely to attack the perovskite than the

	.2)
	On the (001) surface with PbI 2 termination, H 2 O stabilises over the Pb, at a distance of
	2.6 Å.

dissociated H 2 O (in the form H-OH). However, it is possible that water in the form of hydroxyl ion (H 3 O + ) is more likely to interact with organic perovskite than H 2 O molecule. Further studies are needed to provide a firm conclusion regarding the interaction of water in the dissociated and undissociated state.

TABLE A .

 A 1: Exponents and coefficients of the contracted Gaussian basis sets adopted in the present study for C, O, Cl, Br, I, Cs and Pb. For the C, O and Cl all-electron basis sets, only the most diffuse GTFs is given (see Ref.

TABLE A

 A 

			.1: Continuation.
	Atom Shell Exponents	Coefficients
				s(d)	p
	I	sp	41.213231 -0.004401 -0.009530 25.479504 0.036324 0.063600
			13.575108 0.232084 -0.135903 7.863024 -0.911172 -0.170833 2.776888 0.753281 0.892493
			1.199857	0.448500 0.155090
			0.379795	0.025848 0.070783
		sp	3.364687	0.020613 0.020320
			0.881817	0.882325 0.900521
		sp	0.753913	1.	1.
		sp	0.157636	1.	1.
		d	62.391688 0.002346
			28.420863 0.002614
			12.360244 -0.019163 5.632079 0.099010
			3.247671	0.326073
			1.873532	0.363723
			0.830273	0.340973
		d	0.184114	1.0
	Cs	sp		

TABLE A .

 A 2: Band gap values (in eV) for 3D crystals and different slabs, as calculated in the present work. The bulk data are given for comparison.

		Slabs termination
	Perovskite Bulk CsX	PbX 2
	CsPbCl 3	3.25 3.21	3.33
	CsPbBr 3	2.57 2.52	2.67
	CsPbI 3	2.13 2.10	2.28
	by two Cs and two X atoms, all being shifted apart in-plane.
	On the other hand, the relaxation pattern characteristics for CsI surface are much
	more complex. No isolated structures emerge; however, one can identify an "open-
	ing" 9 on top of the underlying iodine atom, similar to the site 4 of left panel of

TABLE A .

 A 3: Relaxed interatomic distances (in Å) and calculated adsorption energies (eV) in different adsorption sites of CO on CsX surfaces. The energies are not corrected for BSSE. The data follow the conventions of the Figure 4.4.

	X	Cs-C Cs

TABLE A .

 A 4: Similar to Table A.3 for adsorption of CO 2 .

	X Cl, CsCl-s1 3.27-2.32 Cs-O CsCl-s2 3.19-3.20 CsCl-s3 3.29-3.30 CsCl-s4 3.19 Br, CsBr-s1 3.29-3.30 CsBr-s2 3.19 CsBr-s3 3.26-3.28 CsBr-s4 3.20-3.21 I, CsI-s5 3.22-3.31 CsI-s6 3.27-3.34 CsI-s7 3.23-3.32 CsI-s8 3.27-3.28 CsI-s9 3.23-3.30	C-X -1 5.59 3.38 5.45 3.38 5.42 3.38 5.07 3.38 5.75 5.41 5.78 3.37 5.21	C-X 0 3.36 3.21 3.31 3.20 3.40-3.46 3.38 3.45-3.50 3.39-4.44 3.50-3.51 3.49 3.56 3.77-3.84 3.52-3.55	Cs-Cs X 0 -X 0 E ads. 5.39 4.83 -0.26 6.86 6.99 -0.36 5.53 4.87 -0.27 6.86 6.98 -0.36 5.58 5.21 -0.30 7.04 7.21 -0.40 6.05 5.74 -0.30 7.10 7.27 -0.33 6.57 5.77 -0.39 5.93 5.80 -0.37 5.56 5.60 -0.33 7.60 7.33 -0.54 6.05 6.01 -0.37

TABLE A .

 A 5: Similar toTable A.3 for adsorption of O 2 .

	X Cl, CsCl-s1 3.63-3.73 Cs-O CsCl-s2 3.51-3.54 3.70-3.73 3.97-3.99 O-X -1 O-X 0 5.81 3.64-3.68 CsCl-s3 3.55-4.05 5.72-5.93 3.62-3.77 CsCl-s4 3.53-3.57 4.62-4.63 3.68-3.85 Br, CsBr-s1 3.64-3.93 5.93-5.96 3.68-3.71 CsBr-s2 3.64-3.95 5.91-5.95 3.64-3.71 CsBr-s3 3.76 5.70-5.74 3.61-3.72 CsBr-s4 3.59-3.60 3.67-3.68 4.04-4.06 I, CsI-s5 3.51-3.52 5.70-6.05 3.62-3.98 CsI	Cs-Cs X 0 -X 0 E ads. 5.20 5.02 -0.07 6.61 6.97 -0.10 5.27 5.02 -0.06 6.02 6.15 -0.08 5.33 5.21 -0.08 5.36 5.16 -0.08 5.54 5.31 -0.08 6.89 7.28 -0.11 5.30 5.84 -0.15

TABLE A .

 A 6: Interlayer distances (inter in Å) and widths of (warped) atomic layers (width in Å) in relaxed slabs of CsPbX 3 for both CsX and PbX 2 terminations (see FigureA.3) with positively charged halide vacancies on top and bottom of the surface. For perovskite structure, the interlayer distance is half of the lattice parameter corresponding to 3.09, 2.94 and 2.82 Å for CsPbI 3 , CsPbBr 3 and CsPbCl 3 , respectively.

			CsPbI 3	CsPbBr 3	CsPbCl 3
		layer width inter width inter width inter
	CsX termination			
	(top)	CsX	1.78	0.86	0.68
			2.77	2.63	2.55
		PbX 2 2.27	2.02	1.59
			3.12	3.13	3.02
		CsX	0.55	0.69	0.33
			3.02	2.88	2.79
		PbX 2 2.06	1.55	1.49
			3.06	3.00	2.85
		CsX	0.87	0.66	0.39
			3.06	2.91	2.83
	(median) PbX 2 2.10	1.85	1.33
	PbX 2 termination			
	(top)	PbX 2 1.80	1.30	0.77
			2.62	2.52	2.44
		CsX	0.80	0.68	0.25
			3.14	2.99	2.90
		PbX 2 1.71	1.05	0.94
			3.02	2.88	2.76
		CsX	0.87	0.44	0.11
			3.12	2.97	2.84
		PbX 2 1.92	1.70	1.18
			3.07	2.91	2.82
	(median) CsX	0.79	0.00	0.00

TABLE A .

 A 7: Interlayer distances (inter in Å) and widths of (warped) atomic layers (width in Å) in relaxed slabs of CsPbX 3 for both CsX and PbX 2 terminations (see FigureA.3) with neutral halide vacancy on the top surface. For perovskite structure, the interlayer distance is half of the lattice parameter corresponding to 3.09, 2.94 and 2.82 Å for CsPbI 3 , CsPbBr 3 and CsPbCl 3 , respectively. left out site does not bring any difference to the final conclusion.

			CsPbI 3	CsPbBr 3	CsPbCl 3
		layer width inter width inter width inter
	CsX termination			
	(top)	CsX	1.47	1.02	0.85
			2.64	2.47	2.39
		PbX 2 2.82	2.21	2.01
			3.15	3.14	3.04
		CsX	0.66	0.66	0.55
			2.96	2.82	2.72
		PbX 2 2.46	1.34	1.11
			3.12	2.91	2.83
		CsX	1.05	0.29	0.36
			3.01	2.91	2.80
	(median) PbX 2 2.10	1.63	1.28
	PbX 2 termination			
	(top)	PbX 2 1.73	1.07	0.62
			2.62	2.55	2.46
		CsX	1.26	0.95	0.48
			3.26	3.0	2.92
		PbX 2 1.75	1.70	0.89
			2.99	2.84	2.72
		CsX	1.14	0.52	0.36
			3.07	2.94	2.85
		PbX 2 1.92	1.50	1.03
			3.08	2.89	2.80
	(median) CsX	0.89	0.74	0.08
	justify that the				

TABLE A .

 A 8: Vacancy formation energy (in eV) for charge and neutral vacancies calculated for different sites with CsX and PbX 2 terminated structures for CsPbX 3 X=Cl, Br, I compounds.

	X	Charge vacancy	Neutral Vacancy
	CsX termination		
	Cl, V-CsCl-s1 V-CsCl-s2 V-CsCl-s3 Br, V-CsBr-s1 V-CsBr-s2 V-CsBr-s3 I, V-CsI-s4 V-CsI-s5 V-CsI-s6 PbI 2 termination	3.81 3.83 3.64 3.75 3.76 3.52 3.71 3.49 3.44	-3.87 -3.90 -4.31 -3.56 -3.59 -3.96 -3.54 -3.01 -3.50
	Cl, V-PbCl 2 -s1 Br, V-PbBr 2 -s1 I, V-PbI 2 -s1	3.16 3.01 2.85	-3.80 -3.27 -2.96

vacancies are more probable to be formed on CsX terminated surface. Further the adsorption energy of different molecules are listed in the following tables.

TABLE A .

 A 11: Similar toTable -A.9 for adsorption of CO. X Cs-C Cs-O C-Pb -1 O-Pb -1 O-X -1 Cs-Cs E ads.

	Charge vacancy Cl , V-CsCl-s1 3.50 V-CsCl-s2 4.62 V-CsCl-s3 4.56 Br V-CsBr-s1 4.09 V-CsBr-s2 4.25 V-CsBr-s3 4.63 I V-CsI-s4 4.62 V-CsI-s5 4.89 V-CsI-s6 4.40 Neutral Vacancy Cl V-CsCl-s1 3.35 V-CsCl-s2 3.35 V-CsCl-s3 3.92 Br V-CsBr-s1 4.10 V-CsBr-s2 4.63 V-CsBr-s3 3.57 I V-CsI-s4 3.58 V-CsI-s5 4.74 V-CsI-s6 3.41	3.71 3.58 3.69 3.64 3.59 3.45 3.36 5.03 3.36 3.27 3.33 3.61 3.28 3.31 3.49 3.18 3.18 3.24	3.84 5.59 3.34 2.84 2.84 2.93 2.92 2.77 2.95 2.67 2.67 4.92 2.65 2.66 2.44 2.76 2.71 2.73	3.78 4.98 3.95 3.95 3.96 4.07 4.07 3.92 4.07 3.38 3.38 3.87 3.40 3.40 3.61 3.43 3.44 3.38	3.25 4.66 3.58 3.74 3.77 3.91 3.91 3.98 3.97 3.95 4.02 3.50 3.72 3.72 4.19 4.04 3.95 4.23	6.35 5.48 6.88 5.77 5.72 6.30 7.69 7.15 7.68 5.62 5.83 5.71 5.34 5.36 5.68 7.03 6.12 6.04	-0.21 -0.21 -0.25 -0.34 -0.30 -0.36 -0.35 -0.33 -0.33 -0.69 -0.66 -0.68 -0.65 -0.68 -0.65 -0.85 -0.61 -0.63

TABLE A .

 A 12: Similar toTable -A.9 for adsorption of H 2 O.

	X	Cs-O	O-Pb -1 O-X -1 Cs-Cs E ads.
	Charge Vacancy Cl V-CsCl-s1 3.19-3.55 V-CsCl-s2 3.50-4.25 V-CsCl-s3 3.22-3.54 Br V-CsBr-s1 3.41-4.46 V-CsBr-s2 3.33-4.69 V-CsBr-s3 3.45-4.45 I V-CsI-s4 3.26-5.14 V-CsI-s5 3.23-4.83 V-CsI-s6 3.30-4.90 Neutral Vacancy Cl V-CsCl-s1 3.24-4.63 V-CsCl-s2 3.27-4.66 V-CsCl-s3 3.33-3.44 Br V-CsBr-s1 3.26-3.36 V-CsBr-s2 3.25-3.35 V-CsBr-s3 3.45-4.46 I V-CsI-s4 3.07-4.60 V-CsI-s5 3.19-3.62 V-CsI-s6 3.63-3.64	3.01 2.78 5.69 2.83 2.83 2.70 2.95 2.74 2.91 3.58 3.58 3.73 3.66 3.66 2.70 3.77 3.63 3.46	3.07 3.69 4.42 3.78 3.90 3.72 3.80 3.49 4.06 4.41 4.35 3.96 3.92 3.92 3.72 4.06 3.49 4.09	5.86 5.43 6.05 5.44 6.09 5.82 6.70 7.21 6.82 5.36 5.66 6.02 5.27 5.28 7.01 7.37 6.60 5.44	-0.59 -0.59 -0.77 -0.58 -0.63 -0.80 -0.72 -0.93 -0.61 -0.77 -0.77 -0.94 -0.87 -0.87 -0.89 -1.28 -1.02 -1.28

TABLE i :

 i Evolution en température (en K) des phases de différentes pérovskites organiques et inorganiques.

	Compound	hexagonal orthorhombic	tetragonal	cubic
	halide perovskites			
	CsPbI 3		< 588 a		> 533 a
	CsPbBr 3		< 361 b	361-403 b	> 403 b
	CsPbCl 3				> 320 b
	MAPbI 3		< 162.2 c	162.2-327.4 c > 327.4 c
	FAPbI 3	< 438 d	140-285 d	> 285 d
	a			

TABLE ii :

 ii Paramètres de réseau (a en Å) et band gap (Eg en eV) des CsPbX 3 , MAPI et FAPI déterminés avec les fonctionnelles hybrides utilisées dans ce travail , 6.289 b , 6.177 c , 6.189 d 1.61 1.73 c,d , 1.76 e Moreira and Dias [2007]; b Stoumpos et al. [2013a] ; c Eperon et al. [2015]; d Swarnkar et al. [2016]; d Møller [1958]; e Lai et al. [2017] (nanowires); f Natarajan and Prakash [1971]. g Liu et al. [2013]. h Poglitsch and Weber [1987]. i Noh et al. [2013]. j Leblanc et al. [2019]. k Eperon et al. [2014].

	Compound		a	E g	
		Calc.	Exp.	Calc.	Exp.
	CsPbI 3 6.196 6.198 a CsPbBr 3 5.884 5.883 a , 5.870 b , 5.874 e,f	2.20	2.30 g
	CsPbCl 3	5.659	5.660 a , 5.605 e	2.91	2.86 g
	MAPbI 3	6.363	6.330 h	1.62	1.60 i
	FAPbI 3	6.428	6.362 j	2.04	1.48 k
	a				

0.000204 96.462987 0.024401 0.0180340 35.398004 0.141929 -0.080949 19.933160 -0.59122 -0.111425 7.4223656 0.081007 0.676694 3.8278678 0.949186 0.639332 1.926981 0.200306 0.192366 sp 7.009481 -0.957342 -0.056926 3.258283 0.621529 0.821226 sp 1.805381 1. 1. sp 0.488054 1. 1. sp 0.151398 1. 1. d 141.068183 0.016631 58.114934 0.033892 42.981469 0.087185 19.209560 0.318069 8.149961 0.618389 3.292553 0.737154 1.179384 0.377196 d 0.215849 1. Continued on the next page

Adsorption on CsPbCl

Cs-Cs and X 0 -X 0 pairs around CO; the molecule then can enter deeper into the surface, coming at a much shorter distance of the X -1 halogen atoms of the subsurface layer. This may account for larger adsorption energies in "low" setting configurations, as compared to the "high" setting ones.

CO 2 as well) are not likely to stick to the perovskite surface to produce any damaging effect to the perfect CsPbX 3 surface. 

Appendix Atomic Gaussian-type functions (GTF) basis sets description

As regards the atomic basis sets, all-electron GTFs has been used for the carbon [START_REF] Dovesi | Ab initio approach to molecular crystals: A periodic hartree-fock study of crystalline urea[END_REF], oxygen [START_REF] Sophia | First-principles study of the mechanisms of the pressure-induced dielectric anomalies in ferroelectric perovskites[END_REF] and chlorine [START_REF] Apra | On the structural properties of NaCl. an ab initio study of the B1-B2 phase transition[END_REF] while the Stuttgart-Dresden fully relativistic pseudopotentials have been adopted for Br [START_REF] Peterson | Systematically convergent basis sets with relativistic pseudopotentials. ii. small-core pseudopotentials and correlation consistent basis sets for the post-d group 16-18 elements[END_REF], I [START_REF] Peterson | On the spectroscopic and thermochemical properties of clo, bro, io, and their anions[END_REF] and Pb [START_REF] Metz | Small-core multiconfiguration-Dirac-Hartree-Fockadjusted pseudopotentials for post-d main group elements: Application to PbH and PbO[END_REF], and a Hay-Wadt pseudopotential for Cs [Hay and Wadt, 1985a,b,c]. All-electron basis set has been used for Cl (a 8s-62111sp-1d * GTFs contraction) [START_REF] Apra | On the structural properties of NaCl. an ab initio study of the B1-B2 phase transition[END_REF]. Cs atom has been described with a 31sp-1d * GTFs contraction developed for CsTaO 3 [web]. The basis sets adopted for Br, I and Pb (developed for PbBO 3 perovskites with B = Ti and Zr, see [START_REF] Sophia | First-principles study of the mechanisms of the pressure-induced dielectric anomalies in ferroelectric perovskites[END_REF] are a 72111sp-7d-1d * , a 7211sp-7d-1d * and a 6111sp-5d-1d *

GTFs contractions, respectively. The exponents and coefficients of contraction of s, sp, p and d functions have been optimized, using energy criteria, and are given in Table A.1. Basis-sets optimizations have been carried out using the LoptCG script [START_REF] Zicovich-Wilson | Shell Procedure for Numerical Gradient Optimization)[END_REF]] which performs numerical gradient optimizations based on the conjugate gradient method [START_REF] Hestenes | Methods of conjugate gradients for solving linear systems[END_REF]. 
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